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FINAL REPORT .
"HIGH EFFICIENCY TRANSVERSE D.C. ELECTRON BEAMS"

I. E on :

[ PO

The proposed new sintered metal oxide-metal (e.g. A1203—Mo)
cathodes have been tested. As originally predicted these cathode

meterials produce high current beams (1A) at multikilowatt powers in

atmospheres containing a pure noble gas or a mixture of a noble gas
and a metal vapor at generation efficiencies up to 75 percent.

In contrast with other cathode materials previously used, the
sintered materials allow multikilowatt electron beam operation in an
oxygen-free atmosphere. This is an important development in the

construction of an cw electron beam excited UV laser, where no oxygen

can be tolerated. This new electron gun, which we have developed for

laser excitation, also finds important applications in other areas of

research, such as the processing of microelectronic materials, as we

described in our review article, J. Appl. Phys. 56 796, (1984).

II1. Laser Research

1) 1 wWatt CW 2n Jon Laser
We have obtained 1.2 W of cw laser power on the 4911.6 and 4924.0

.

,.ﬁ,ﬁii‘i'ﬂ.. .
!
‘-4 A_I.J._A_AA‘A_.A

A transitions of Zn II by exciting a He-Zn gas mixture with a dc glow
discharge electron beam. With the same excitation scheme,0.25 W of cw
laser radiation on the 6149.9 A line of Hg+ has also been obtained.

This represents an order of magnitude increase in the output powerover that

- N .t e el Y
""" [P U I U iy Ny S SIS |




previously obtained from these metal vapor Jlaser transitions and is

the first time that metal vapor ion lasers have operated cw in the

visible region at a power of 1 W.
The operating efficiency also represents an order of magnitude
improvement over that obtained in hollow cathode lasers. These

experiments show that a cw Ag laser operating at a power between 0.1

e
.”....‘_,a

and 1 watt at efficiencies as high as 0.5 percent should be possible.

The progress towards this goal is described below. For more details

on the cw zinc laser,see "1 W CW Zn Ion Laser," by J. J. Rocca, J. D. é

Meyer, and G. J. Collins, Appl. Phys. Lett. 43, 37, July 1983. |
2) CW Atomic_Fluorine Laser 5
We have obtained cw laser action én four transitions in the é

doublet system of atomic fluorine for the first time. All previously

reported laser action was on a pulsed basis only. CW laser radiation

was obtained when F, or AgF was used as a fluorine donor in an
electron-beam-pumped helium plasma. A multiline output power of 200

mW was obtained. A collisional excitation reaction with an energy

Ty ry

d surplus populates the upper laser levels, causing a difference in the
velocity distribution of atoms in the upper and lower laser levels.
This avoids the self-termination of the laser output caused by
L] trapping of the lower state resonant radiation observed by previous _®
investigators.

We have also observed CW laser action on the 8446 A line of

I b e

atomic oxygen exciting a He-O, mixture with a d.c. electron beam in

2
the same experimental setup. CW laser action was also obtained when

sl R S P U U v oo e O oo S



the electron beam was used to excite pure oxygen gas. Direct current

electron beams are thereby demonstrated to be a suitable method to
excite cw atomic lasers. For a more detailed discussion, see "CW Laser

Action in Atomic Fluorine," J. J. Rocca, J. D. Meyer, B. G. Pihlstrom,
and G. J. Collins, IEEE J. of Quantum Electronics, QE-20, 625, June

1984.

Progress Towards a )W Ultraviolet Metal Vapor Laser
3) CW Electron Beam Excited Metal Vapor Laser

In the last 6 months our efforts have concentrated in the
construction of an electron beam pumped Ag II and Cu II laser with the
goal of obtaining a cw ultraviolet power of 1W at efficiencies over
0.1 percent. These lasers will operate at 220 and 250 nm
respectively.

To operate successfully these new devices, a metal vapor density

015 cm_3 has to be achieved. Two laser set ups are

of the order of 1
being constructed. In one of them, the metal vapor density is produced
by discharge heating in a hollow cathode discharge. 1In the second
device, the metal vapor concentration is produced by a
ceramic-molybdenum ohmic heater. Both devices should be operational

by December 1984, Optimization of the laser output power and

efficiency will be the subject of the research in the first months of

1985.
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III. Modeling of Electron Beam Pumped CW Lasers

We have developed computer models of both cw electron beam
excited noble gas argon ion lasers, currently under study at Spectra
Physics, and electron beam excited He-metal vapor lasers under study
at CSU.

The model calculates numerically the Boltzmann equation for
electrons in an electron beam created plasma and uses it to calculate
population inversion densities, laser output power, and efficiency.

The results can be summarized as follows: An Ar' cw laser
excited transversely by a 50-100 eV electron beam is a device limited

to efficiencies <2 x 10—4. This laser consequently has practical

interest only as a low power (1.0 W device), where air cooled positive
column lasers are even more inefficient.
In contrast, He-metal vapor output powers of a few watts at

efficiencies as high as 0.1 percent in the visible and 0.5 percent in

the UV should be possible. The results obtained experimentally with
znt, discussed in Section II, tend to confirm this prediction.

Experimental results obtained at Spectra Physics for the transversely

. I .
. - H .
R IO JNDEE YR )

! excited Ar' laser also agree well with the model. The model results

E and structure were presented at the "37th Gaseous Electronic

E Conference,” in Boulder, CO in October 1984. A journal publication on

4 the subject is currently under preparation.
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Studies of a glow discharge electron beam

Zeng q Yu,” Jorge J. Rocca,” and George J. Collins®
Flectrical Engineering Department. Colorado State University, Fort Colliny, Colorado 80523

iReceived 26 Apnl 1982; accepted for publication 14 May 1982}

The energy spectrum of a kilovolt electron beam, generated by a helium glow discharge at
pressures between 015 and 0.8 Torr, was measured with an electrostatic energy analyzer. An
abrupt increase in the energy spread of the electron beam was observed to be comncident with un
increase in the luminosity of the electron beam created plasma, and with the onset of intense
microwave radiation. The relevance of these phenomena in cw electron beam pumped ion lasers is

discussed.

PACS numbers: 52.80.Hc, 41.80.Dd, 52.40.M]j

I. INTRODUCTION

Under proper conditions a glow discharge may produce
powerful clectron beams. Glow discharge electron beams
can be generated 1n helium at pressures from 0.1 10 2 Torr
without differential pumping.'= In contrast, the high-vol-
tage operation of a hot cathode electron gun requires am-
bient pressures below 10 * Torr. We have used glow dis-
charge created electron beams at 1.5-3 keV and currents up
to 1 amp to pump cw ion lasers. We have obtained cw laser
action in both singly 10nized mercury and 1odine in helium-
metal vapor muxtures. * Electron beam pumping is a new
{aser exaitation scheme that could improve both the output
power and efficiency of ion lasers due to the large density of
energetic electrons in the active plasma medium as com-
piared to conventional schemes.

The encergy spectrum of electrons emitted by a glow
Jdischarze has beer measured previouslv™ at discharge cur-
rennts of wtew iilliamips with a cathode current density of up
o040 mAem We have measured the electron beam ener-
2v distobution st currents between 20and 700 mA, and heli-
um pressures between 0 13 and 0.5 Torr using an electrosta-
neoenerey analvzer Onr measurements correspond  to
cathode current donsities from 2 o 70 mALCeme. We ob-

crved o conteal dlectron Bean current density, de-

o o pecesare o reson of the clectron -heam- generat-
Dot owein uieea di broh lonmosty wos produced.
P o s pn e e nawere Sound torbe ceanadent wath
G cradabnn b the acciron heam energy profile.
W s e e et U nt s aptica] cmission
PEW T Tt e slasmin nterac

. e st o repiae v URTE radh

1. GLOW DISCHARGE CREATED ELECTRON BEAM

Pl cocmian canensists of oo hindiead ndgnesium
oo S naennietsr sarreunded by aceramie CALO
S onnees clecren cmisaon o the cathode tront

oo T fsrenes vetween the cathode and the ceramie

Brenteoapps o sedels Do The front tace of the cathode

~ s e crth o cadios ot curnvatare to obtinn a selt

Pormanent addsess Department ot Physics badan Umversity, Shangha,
hinag

CSpectea Phyacs Indostrodd Fellow
Atred Sloan Fellow 1979 1952

AR J Appt Phys 54 (1) January 1983

0021-8979/83/010131-06%$02 40

focused electron beam. Cathode curvature shapes the elec-
tric field in the cathode fall region so that a converging elec-
tron beam results. This electron beam, with the focus
petween the cathode and a target, 1s shown in Fig. 1(a). The
cathode s water cooled to allow direct current operation at
large discharge powers (> 1 kW). The position of the anode 1s
not tmportant and does not influence the electron heam as
long as the anode position is outside the glow discharge dark
space.

Secondary electron emission from the cathode” occurs
following bombardment of the cathode by ions which are
accelerated through the cathode dark space, where practi-

PG 1 Self-focused electron beam discharge b Electron beam dis
Charge showing the high Tumimosity plasma that appests i the focal regron
of the clectron heam in between the cathode and the targe

¢ 1983 American Institute ot Physics 131
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cally all the discharge voltage drops occur. Energetic neu-
trals, created by resonant charge transfer collisions® in the
cathode fall region, also contribute to electron emission. The
electrons emitted from the cathode surface are also acceler-
ated in the dark space, in the o:posite direction, to torm the
¢lectron beam.

In prehminary studies with Mg cathodes. we observed
that the secondary electron emission decreased by more than
an order of magnitude as the native magnesium oxide was
removed trom the cathode surface with ion sputtering. We
have determined that a large secondary electron emission
from the cathode can be maintained by the addition of a
small amount of oxygen (10-20 mTorr| to the discharge
chamber which enables the maintenance of a magnesium
oxide coating on the cathode surface. This oxide coating per-
muts the production of the electron beam with high efficiency
whiie at the same time reducing cathode sputtering. Using a
calorimeter to measure the electron beam power directly, we
tound that up to 70¢; of the discharge power goes into the
clectron beam when the discharge voltage is 2.4 kV. Neglect-
ing iomzation in the dark space the electron beam current,
I, 1s related to the ion current, /,, by the relationship
1. =yl .. where y1s the secondary electron emission coeffi-
clent. Considering that I = [, + I, we can state

A ()
l +y
Hence, from the calorimetric measurement of the electron
beam power an effective secondary emission coefficient 3 of
2.5 15 obtained for the magnesium cathode with an oxide
coating from Eq. (1).

UHF
SPECTROMETER
I WATER COOLING
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. ELECTRON BEAM ENERGY SPECTRUM
MEASUREMENTS

The electron beam energy spectrum was measured with
an electrostatic energy analyzer, using the experimental set-
up shown in Fig. 2. The energy analyzer chamber is connect-
ed 1o the electron beam glow discharge housing through a
0.05-mm-diam sampling hole. The pinhole was placed 17 cm
from the cathode emitting surface. The wall dividing both
chambers is made of copper and is water cooled in order to
withstand the impinging electron beam which delivers se-
veral hundred watts. The electron analyzer chamber is
pumped with a turbomolecular pump and the pressure is
maintained below 10 * Torr. Helium is flowed through the
clectron beam glow discharge chamber, via a needle valve,
and pumped out by a rotary vacuum pump. A small amount
of oxygen, accounting for a partial pressure of 10-20 m Torr
in the discharge chamber, was also flowed for increased elec-
tron emission as described in Sec. I1. The presence of oxygen
at these partial pressures was shown to have no significant
influence on the electron energy profiles.

The electron gun was mounted in a micropositioner
that allows alignment of the electron beam both with the
sampling hole and the entrance hole of the energy analyzer.
The electrostatic energy analyzer used was a Comstock,
Inc., Model AC-901 with 160° spherical sector surfaces pro-
viding an energy resolution of 0.5% with a 1-mm-diam en-
trance aperture to the energy analyzer.® Electron beam ener-
gy distributions were measured at 0.15, 0.2, 0.4, 0.6, and 0.8
Torr of helium.

Illustrative data obtained from measurements at 0.4,

TO PUMP

FIG. 2. Expenimental setup used to study
the electron beam glow discharge
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P S Measured v omon beam energy specttums st 94,0 6, and U 3 Tory
crhelan e hownn three columins The discharge current corresponding
tocach row s shown on the tight side of the figure.

0.6, and 0 8 Torr ure shown in three columns in Fig. 3 for
currents between 60 and 700 mA. The individual plots show
the measured energy spectrum of the electron beam at nine
different discharge currents indicated on the right-hand side
of Frg. 3 Note that the zero of electron beam current for
cach energy spectrum s indicated on the left of the figure
and the energy axis at the bottom. The samie relative scale
was used to plet the electron beam current for every spec-
rruman Fig 3 Wath datain this format the following trends
can be observed Forall pressures the peak value of the elec-
tron heam current imcreases as the current is incremented,
up 1o wenitcal value denoted asae i the senies of energy
spectramsof Fre 3 Bevond thesontical cureont, the electron
beam energy protile. that up to this pomt was getting nar
rewer toprealle T 300 eV PG aadth ot Bait-masmumy
abrapelo deeradesinto g broad profile as 2 wn This change
ated with the

crthe bl ren heamit energy Spectiim s s
adde s appeance of s plasma regton woth ey itense b
HERT! L e focis at the electron boany Frgnre Th.
oo = can clow diclar coowith e preseice o
b sl e the focus ot the Gt
peage ' preapands o the degrated election
P gt e b e thick himes T boe g the
i ' A cihmated and corresponds te the cle,
e e NG annary 19

ELECTRON ENERGY (keV;

FIC 4 Plectron beam energy spectrum measured at O X Torr of heliunand
at 0 3 A discharge current

tron energy profiles in Fig. 3 denoted by narrow lines.

Figure 4 shows one illustrative electron beam energy
spectrum measured at 0.8 Torr of He and at 0.3 A discharge
current. This spectrum corresponds to the spectrum 1n the
fifth row of column one in Fig. 3. Several peaks are observed
in this spectrum, at intervals of approximately 25 ¢V, which
coincides with the ionization energy of helium 124.8 ¢V
Beam electrons that suffered one, two, or more 1onizing
colhisions constitute the different peaks. Elastic electron-he-
lium collisions smooth out the distribution. The important
observation to be made in Fig. 415 that the maximum mea-
sured electron beam energy corresponds to the measured
discharge voltage, V. This confirms that nearly all the dis-
charge voltage drops in the cathode fall region, where the
electrons are accelerated.

IV. OPTICAL MEASUREMENTS

The light emitted by the electron-beam-created glow
discharge was monitored using an optical multichannel ana-
lyzer (OMA) having an intensified diode array detector of
512 elements. The optical setup shown in Fig. 2 was used.
The detector was mounted on a 1/2 meter spectrometer hav-
g a diffraction grating of 280 groves per millimeter. This
provided a resolution of 6 A per channel and a spectral range
of nearly 3000 A We were also able to make spatially re-
solved 11 mm resolution; measurements in different regions
of the glow discharge, shown in Fig. 1ib) by moving one of
the tao parallel mirrors shown. Special attention was given
to the tocal tegron of the electron beam, in the negative glow
regon of the discharge, where the unusually high luminosity
shown i Fig. b suddenly appears.

Maost of the visible radiation from the electron beam
helium discharge was observed to be from three He T spectral
lines SOISTA 3 p'P" L26'S1,5875.6 A13d 'D.--2p 'P").
and 6678 1A 3d 'D 22 p ' P Theintensity of these lines in
the focal region of the clectron beam as a function of dis-
harge currentis shown in Fug. S If single step electron exci-
tanion from the heliam atom ground state is the major cre-
tron mechamsm. the intensity of the S015.7 A Tines should
donumate over the ather twao hines, since the 3P Jevel has the
fargestelectron impa cexatanion cross sectior 7 Thisis the
cse observed at baw discharge currents when the negative

v Hocca ard Conns 133

- i - - “ v e T vy Al ) _5 - -s :.- - Al A S \‘—.T v" N Y‘_T . v - - :Ii " - ~ ~ X - “."v‘:ﬂ'vq
b. . .. R
L e
-4
b .. ‘ PN e ket . e

—
0 3 pd
.' w . 15 Ky
r a
b ' @x - - Gfey
p 2 —
2 © v Ty
. = = i
b < § / )
i w 3 ] !
o @ I 7
] > | ! )
Z < ‘ . \
' o o / W
P @ o 5 i
3 ==t /
p 8 ! Xé
i 3 g i
1 b o ) b e =
Gen 79K




Y v‘v“ T
-

Y

T Y
'

Ao sl it
T

AR
1oy /.ﬁsrs
/
08 /
/ 6678
= /
5 /
< 06 ;
2
o
- 5016
>
=
[7)]
z
W
— 04
z
02
Q = . a_. VS — |
0 02 ca 08 08 10
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FIG 5 Behavior of the spontancous emissions oniginating from the focal
region of the electron beam behum discharge. Hellum pressure was 0.2
Tarr

glow, as observed by the eye, is dominantly green. In this low
current range the intensity of the lines increases roughly lin-
early with beam current up to a critical current. Then an
abrupt increase in the luminosity of this plasma region oc-
curs, as shown in Fig. 5. When this occurs the plasma looks
as shown in Fig. lib). Now emission from the 5875.6 line
dominates, making the region of the plasma appear pink/
orange to the eye. A change occurs in the electron energy
distribution as shown in spectrum drawn with thick lines in

CURRENT (ampere}
o
n

DISUHARGE

o4 e

ME oM R G T T

F1G o Current opset of the plasma “hall of hight™ s a tunctiion of helam
pressure Fhe high lumimosity plasima region s ohserved for the conditions
above the curve

134 J Appl Phys Vol 54 No 1, January 1983

Fig. 3, and direct excitation from the helium ground state by
beam electrons is no longer the dominant excitation mecha-
nism. The discharge current at which the sudden change in
plasma luminosity occurs increases as the helium pressure is
incremented. This is shown in Fig. 6. Below we describe the
origin of the change in the electron beam energy spectrum
and the correlation with the appearance of a luminous region
in the beam-generated plasma.

V. ULTRAHIGH FREQUENCY (UHF) GENERATION

The degradation in the electron beam energy profile
and the observation of an abrupt increase in the intensity of
the visible radiation emitted by the discharge previously de-
scribed suggests the existence of strong beam plasma interac-
tions.’'"'" A confirmation of the existence of plasma oscilla-
tions excited by the electron beam is the observation of an
abrupt increase in the intensity of the microwave radiation
generated by the discharge, in coincidence with the appear-
ance of the optical emission phenomena described above.
Figure 7 shows the X band UHF emission intensity as a func-
tion of the electron beam discharge current. The beam cur-
rent at which the UHF radiation abruptly increases was al-
ways in coincidence with the appearance of the “ball of
light” in the plasma region [shown in Fig. 1{b)} and with the
pronounced degradation of the electron beam energy spec-
trum. Specifically, in Fig. 3 for a pressure of 0.6 Torr the
onset of beam degradation occurs at 500 mA, which agrees
with the current for intense UHF oscillation shown in Fig. 7.
The same agreement between beam degradation and UHF
threshold occurs at 0.4 A with a helium pressure of 0.4 Torr.

04 Torr

(e}
w
R ———

(@]
S

02
| 06 Torr

MICROWAVE OSCILLATION INTENSITY (relative units)

/ //

ol e -
02 04 RS 08

DISCHARGE CURRENT (Amp)

FIG 7 Intensity of nicrowave radiation as a function of dischirge current

Yu, Rocca, and Collins 134




e WV TR [ QA AC S A Ar e Snm SIS S SR ARt o .

S0 \
'
100 .
'
E “ ‘
[
o
AP S A
> 2 W N ’
- L ~N - - b
2 7 B
z - .
2 » 9
) o a =
B
v i . a S
| e . . . : o
e .‘!\‘J'M'u' hﬂ‘. A}"“' ‘JJ’ SL;‘W’VWJA;WHA’{T- ' TR ¥ Yua . P PR . e N . -3
2 | 2 3 4 5 6 ? 8 s © i . ]
OSCILLATION FREQUENCY (GHz) ) %
FI1G X Frequency spectrum of microwave signal at a pressure of (.3 Torr and three different currents.
Figures 3 and 6 show that the current onset of these In a cw electron beam laser system, such as the one we ]
phenomena increases as the helium pressure is increased. used to obtain cw laser action in He-metal vapor mixtures'" . y
This is in agreement with the results of Wada and UHF oscillation could present a major disadvantage. This ) g
Knechtli.,'* who observed that the plasma density required system is longitudinally pumped by an electron beam of ap- :
for energy transfer from an injected electron beam to the proximately 3 keV. The pressure in the plasma tube is several
plasma was higher when the background gas pressure was Torr so that a beam-plasma interaction that degrades the ]
increased. This shows that collisionless thermalization of electron energy profile in the way shown in Fig. 3 would E - :
electrons in a beam-plasma system can be inhibited, if the reduce the reaching distance of the electron beam and results ]
electron collision mean-free-path is made small enough. in a substantially shorter and nonuniform active medium. ¢V o
The spectrum of the UHF emission between | and 11 In a transverse geometry, the range of the electron beam SRR
GHz was measured using an UHF spectrum analyzer, and is should be small so that the majority of the energy is deposit- S
shown for three different discharge currents at a helium ed into the plasma and not onto the walls of the discharge SRS
pressure of 0.3 Torr, in Fig. 8. This broad spectrum is similar chamber. Electron beam excited plasma oscillations could L i
to the one found in previous experiments that studied the therefore be used to efficiently deposit the electron beam e
oscillations of beam-plasma discharges,'*'* in which the energy in the case of transverse electron beam excitation into 1) ol
dominant mode of interaction is believed to be at the plasma a volume with a small cross section and long optical length. ) 3
frequency. The plasma electrons find themselves in a rf field One such transverse laser excitation scheme, using glow dis- K
that accelerates them to the energy range where they can charge electron guns,” is shown in Fig. 9. The anode position ;
excite and ionize. This increase in the excitation rate is con- is not shown since its location is not essential to the charac-
sistent with the observed variation of the light emission. teristics of the electron beam discharge,” nor will it block the
Plasma oscillations are judged to be the mechanism that effi- optical path. The use of two cathodes allows for partial trap-
ciently transfer energy from the electron beam into the plas-
F' ma, causing the observed energy degradation of the electron
- beam energy profile. CATHODE
d
:: VI.PLASMA OSCILLATIONS IN THE EXCITATION OF cw w
¢ ION LASERS N
b Beam-plasma discharges, created by exciting plasma i BEAM-PLASMA
[ oscillations with a pulsed electron beam drifting in a longitu- e” BEAM- INTERACTION
3 dinal magnetic field, have been used to excite pulsed ion la- REGION
{ sers """ In these experiments an electron beam of energy \
3 between [0 and 45 keV and current between 10 and 30 A was / N, CATHODE
< inserted into a plasma chamber, where the pressure ranged S\ E%lél[ON
from 10 10 10 " Torr '* At this low gas density the elec- CATHODE
3 tron beam energy would be very poorly deposited into the
plasma in the absence of the collective lnteractfon between FIG 9 Crossesectional view of a proposed transverse clectron beam
1 the electron beam and the plgsmg. that leads to intense exci- pumped laser ustng opposing cathodes and a beam plasma mteraction to
| tation of high-frequency oscillations. arhieve efficient energy deposition.
q
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ping of the high-energy electrons. Beam electrons which
reach the opposing cathode after passing through the beam-
plasma region are reflected there by the electric field in the
cathode fall region. Both of these effects will increase the
energy deposition efficiency of the transverse electron beam.

VIl. SUMMARY

The energy spectrum of a kilovolt electron beam pro-
duced by a magnesium cathode glow discharge operating in
helium at pressures between 0.15 and 0.8 Torr was measured
using an electrostatic energy analyzer. The maximum ener-
gy of the electrons coincide with the discharge voltage drop,
b, The electron beam energy spectrum measured at 17 ¢cm
from the electron gun presents an energy width at half-maxi-
mum of 100-300 eV. The electron beam energy spectrum
gets narrower as the discharge currentis incremented up toa
critical current value, at which point it abruptly degrades
into a broad energy profile. This change in the electron beam
energy spectrum is coincident with the sudden appearance of
a plasma region with a very intense luminosity and with the
emission of intense microwave radiation,

This phenomena is attributed to the generation of plas-
ma oscillations driven by the electron beam. We suggest the
use of the beam-plasma interaction as a method to efficiently
deposit the electron beam energ; into the plasma in a trans-
verse electron beam discharge for the excitation of ion {asers.
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THE ENFRGY OF THERMAL ELECTRONS
IN FLECTRON BEAM CREATED HELIUM DISCHARGES

Z YU 1T ROCCAN G COLLINS

P b e e Codonidoy State Dotensir
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Wo itne mensured the clectron enerey of the thermal sroup ot electrons in hoth longitudinal and transverse electron
boanr created belum clow dincharses The measurement technique employs the ratio of intensities ot spectral hines in the
RN np M He Daeries. Vidues o & Te bertween .07 gnd L1 eV owere obtained. These energies are typical of the beam-

cnenated clectine tield tree plsnas. The comptetitive loss ot hielium tons by recombination and by charge transter in o
Moo T cleciron beanm ereated plasma is calculated . The results are applied to the He Jaser pumping scheme using a electron
boatcreated He T plasima,

Recenthy we demonstrated that electvon heam Lovatbbe s 0% o
created glow discharges may be employed as a new ac- - e !

tve mediaem for CW ion lasers [1 4], We have devel- -
oped glow discharge electron guns for both longitudinal
[5.6] and transverse | 7] plasma excitation. These elec-
tron cuns produce electron-beam currents up to 1 A at
encrgies between | and 10 keV.,

Fig. 1 shows the caleulated electron energy distribu-

tion i the electron heam generated helium plasma m -
g vhtained by solving the Boltzmann equation in the rj 400
clectric tield free negative glow region [8]. Although x
i the tonization is due to collisions of gas atoms with r‘: 500
g high- and intermediate-energy electrons, the most ff:
: numerous group of electrons in the negative glow has v kOO
near thermal energy (see fig. 1). This is hecause the @ e
. roo . .
Work supported by the National Science Foundation and - L . CenoLn
AL OSR. - ’ v .
¢ 300 ‘ L R
4 P b Caleulared electron enerey distribution for helium »
phista exated by a1 keVoelectron beam. He density 6 1a00 - |
]
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secoindbany electrons pam energy v superelistic col-
Istons with excited atoms. elastic collisions with beam

Tections or as aresult of tree-body electron ion

socotnbimation and are thermalized by elastic col-
Heons e thie field-tree negative glow region.

We hunve measured the election temperature of the
shovmal enerey 2roup of elections in the negative glow
St hathc fongitudimal and transverse glow dischuarges
S the tatio of spectiad intensities of the 2338
D :l’ He | sernes

Kiowdedee of the temperature of this thenmal elec-
Peor creup s necessaty o deternune if the plasma s
Bitasion or recombination domimated J10]L since
condie il assisted (three-body ) electron 1on recom-
Ston s proporional o 7 4+ [TH]. na charge
ceanster on Lser election recombination represents a
foss o butter was 1ons, thereby miting output power
ancdetticreney s Alsol it the plasmais 1o be used as
Liser active mediam these low -energy electrons will
Aly anmportant tole i the electron de-excitation
ot the Laser fevels [12],

Fhe longitudinally excited electron-beam plasma
was credted using o glow discharge clectron gun similar
o the one described in et [6] and having a LaBg
cathode 3.2 amvin diameter. The electron gun was in-
troduced into a stainless-steel vacuum chamber having
suprasi! quartz windows for optical measurements.
The metal chamber was grounded and served as the
anode of the glow discharge. The line intensity mea-
surenients took place approximately 10 ¢cm from the
cathode emitting surface, far from the cathode dark
space and well into the field-free negative glow region.

The transverse electron-beam discharge was estab-
lished in the samie vacuum chamber by replacing the
clectron gun described above by two transverse elec-
tran guns similar to the ones described in ref. [7].
They were positioned parailel facing cach other as
indicated in fig. 1 of ref. [ 7] with the distance between
the cathode emitting surtaces of 3 em. The cathodes
were slotless. S em long by 1.2 ¢m wide with a radius
of curvature of 1.5 ¢m. Again, line intensity measure-
ments were made in the negative glow, in the central
portion of the discharge. We also have measured the
clectron temperature in a longitudinal electron-beam
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He plasnia contined by o magnetic ticld. In thus case
the ¢ beam created plasma arrangement was similar .
to the one we used to obtam Laser action in various

He  metal vapor mixtures, desceribed in detal in rets,
[1.2]. The only difference being the use of two elec-
tron guns, one at cach end of the electromagnet . to in-
crease plasma unitormity,

The spontancous emission from the clectron beam - - 2
excited plasma was collected through asuprasil window ® .9 . q
and focused into the slitof o T m SPEX spectrometer
by a quartz lens, We used an RCA C31034 Peltier cool- o cL

ed photomultiplier. The spectral response of the entire

optical detection system was measured using a tungsten :
ribbon famp calibrated at N.B.S. so that the measure-
ments of relative intensities were properly corrected. [ ] @ |

The ratio ot intensities /. of the lines of the 25 38 np 3P ]
He Fseries, assuining the levels are in local thermody-
namic equilibrium (LTE) is related 1o kT, by:
KT.= Al m
. T
X[V - 233 -2 VL (1) - L _ L |
where AF(n', nyis the difterence of energy between e

levels mand #'. X and X are the wavelengths of the

radiation onginating trom the #” and i levels respec-
tively. This equation for kT is particularly sensitive . )
to measurement crrors of relative intensities for high o J
values of 7 and 5", A remedy is to extend the range of ST
measurements over a large number of Rydberg levels. :
A plot of In(1/X3n31) versus £ (n) where E(n)is the

energy level i, yields the average electron temperature o .;-‘:} T
from the slope of a line connecting the data points. B ‘
Griem [13] has formulated an approximate elec- Y ®
tron density criterion for a hydrogenic level i to be - T3
within 10% LTE with the neighboring level n + 1 S :
n, = (7.4 X 1008/ T2 ) (kT /13.6)12 C )
X exp(Afy, ,41,/kT,) . (2) R
9 o
Notice that kT, is in eV. For an clectron temperature T
of 0.1 eV and n = 8, eq. (2) requires an electron density NN

in excess of 2.1 X 1019 ¢m 3. Under the discharge
condition of these experiments the electron density in
the negative glow of the electron-beam discharge is

judged to be always >101" ¢m 3. Consequently all » Y
the levels with 21 3 & should be in LTE and the plots T
of the 23S np 3P helium series are expected to give S -
the temperature of the thermal electrons in the elec- “
tron beam discharge. o
®
‘—.*-.,‘ - = ———
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tudmathy exated by 2 01 Avem®. 2 keV electron beam.

Flehum prossure 2 Torr.

A scan of the 254

S np 3P helium series torn > 8
tahen at 2 Torr of helium at an electron gun voltage
of 2kVaund a current of 73 mA is shown in fig. 2.

Graphs of In(1/X3n3 1y versus £'(n) for the longitudi-

nal glow discharges are shown in fig. 3 for different dis-

charge conditions. The data tor each condition were fit
10 o struight line using a weighted least-squares-fit rou-
tine. The relative errors in the determination of the
slopes. taken us one standard deviation, were between
13 and 3077 The standurd deviations of kT, corre-
spanding 1o a set of four spectral recordings repeated
at the same discharge conditions, were between 4 and
13770 At helium pressures between | and 4 Torr, cur-
rents between (L and 0.6 A und electron energies
hetween .75 and 5.3 keV. the longitudinal discharges
had values of T, for the thermal electrons between
0.075 und 0.105 eV. Measurements done in the trans-
verse discharge at pressures between [ and 3 Torr., cur-
rents between 0.05 and 0.5 A and voltages between
0.0 and | keV give similar electron energy values for

PHYSICS TEETT RS

20 bune Y83

. 89 ev

.
. ¢ o % 00H4
e . 4 TURR
o -
B . . & OOB4
BEY » .
I e * QUBC
L
-
C e .
- -
.
ya ; 0084
X . ®
-
- L)
v . * 77‘7’//0084
-7 e 2 TORR
(TS -
T oo . . - -009I
X t
«1 - 3 [y
S . ‘ .. 0087
>
004 . e 094
e 203 - 0
Y - //L/’)
1< 03 o e
V‘J 146 e
(= 02 >
>

S 0075
09 /

380
03

261

02

216 s L L s L i L "
24.36 2440 2444 24 48 2450

ENERGY (eV)
Fig. 3. Semilogarithmic plots ot the line intensities of the
i3S np 3P He [ series in a helium plasma cxcited by a longi-
tudinal electron beam. Helium pressure., electron beam cur-
rent and voltage are indicated for cach plot on the lett. The
corresponding values of k7 are indicated at the right of cach
plot.

the thermal electrons between 0.066 and 0.96 eV.
Variations of kT, as a function of current and pres-
sure in the range mentioned above are within the error
range of the measurements. Measurements done in the
electron beam plasma confined by a 2.7 kG axial mag-
netic field at pressures between 2 and 4 Torr, electron
beam energies between 1.2 and 3 kV and at a discharge
current of 0.25 A gave electron energies between
0.090 and 0.101 ¢V. For a few discharge conditions we
also independently measured the electron temperature

using the 2s1S np 1P He [ series obtaining, as expected,

good agreement with the results ohtained using the
2538 np 3P serics.
The electron temperatures measured are in good
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et with previous measiements (A7, = 0.094
SN by Persson o thie nesative glow of o brash cathode
it operating at b Tore of helium at a current

of T3 A P10 Moreover. the electron temperatures
e ecred i the neative stow of hotlow cathode das-

oo bave simndan vadues. Warner 14} measured val-

A torthe thenmal electrons between 0.068
a0t eV e planae hollow cathode discharge oper-
e pressates of Nand 4 Torn MeNeil [ ES] mea-

’ “oron cnerdes between 007 and 013 eVin

e cathedle dischurge operating at proes-

Twoon and To Torr of Heo Al the above glow
cocane clectronsheam cencrated and essentially
oot pesative slow s The most numerous

Cor e thie nezatve vlow ot this dischiurge are
wooey clecnons s created predominantly at zero

' Sanzahion processes, These elecirons
carecrerey tron superelastic collisions, elustic col-
Teacn st cncreetic clections and three-body recom-
Biation processes. However the tact that there is no

tectnie tiehdm the negative plow and the kirge num-
Bet ot elstic collimons keeps the electron temperiture
thenmal,

Krowme the value of the electyon temperature of
the numerons thermal electrons the importance of
clection recombination as a loss mechanism of jons
i this electron bean created plasma can be caleutated.
The quantitative values of the various creation and loss
meclurnsms of groundsstate butter gas tons is impor-
tant 1 charge-transter electron-beam pump lasers. In
particular we will consider the tosses of Het ina He
He clectron-heam pumped laser plasma. We assume that
the loss mechanisms tor heliunt jons are: thermal charge
transter collistons with Hy atoms: collisionally assisted
three-body recombination: radiative electron reconthi-
nationzand diffusion to the walls, In an electron-heam
Laser plasmz of the kind used inret, P11 with mercury
vapor densicy. He, between 1 X 1015 and | X 1016
and K7, = 0.1 eV the last two processes are negligibly
small compared with the first two,

Consequently the traction of fons loss by three-
hody clectron recombination, Fp Cis:

AT 300y 43N7

Fg=— - pp
A “Ifll + /“ I.;,r’j()()) 4. A\\j

where dd =70 2 10 2 cmb/s [11] and K = v*a. is
the charge-transfer rate constant. where o = 1.4 X 1014
cms s the total velocity -averaged cross section [16] for

12X
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g, 4. Fraction of helium ions loss by recombination in
He e plasma with ATe = 0.1 ¢V as a function of electron
density tor the ditferent He concentrations indicated at the
rivht of the plot.

the charge-transfer reaction:
Het(2S 5) + Ha(1S,) = He(1S,)) + Het(7p 2P) + AF.

Fig. 4 shows the fraction of ions lost by collisional-
ly assisted (three-body) electron recombination as 4
function ot the electron density, for a plasma with
kT, = 0.1 eV. for various Hg cancentrations. Electron
densities up to 1 X 1014 em 3 are considered. Larger
electron densities are not of great interest in the case
of 4 ¢w Hgt laser operating at 61499 A& because the
upper laser level would be strongly depopulated by
superelastic electron collisions. The atomic tempera-
ture was chosen to be 1000 K, since there cannot be
a large temperature ditference between the electron
gas and the parent gas in a beam-generated plasma [10].
For Hg concentrations 23 X 1015 em 3 electron re-
combination losses of Het are small (<2077) for elec-
tron densities below 1014 ¢m 3. 1f the Hg concentra-
tion is decreased recombination will be an increasingly
important loss mechanism of He* jons and the effi-
ciency of the laser would decrease. However, it is im-
portant to notice that the Hg vapor concentration can-
not be arbitrarily increased since Hg has u total ioni-
cation cross section peak value more than 10 times
larger than He and the amount of electron-beam power
loss in electron-impact ionization and excitation of Hg*
would also Timit the efficiency of a charge-transfer
pumped He Hg* laser. The conclusions of fig. 4 can
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aho be apphied toother He mietal vapor ton Lisers.
Stnee the thermal chiarge-transter cross sections
Betweent Het and He s the Logest measnred, the rels-
tve mpottance of electron recombination as i loss
mechanism of He* s Loeer mother systems.and

oan b the man Toss channel tor Het st the metal vapor
coneentiaiton s fow ¢+ S < 10 o Sywhen the de-
vice s opetatad at ngh clectron densities,

In ~urminaey owe have measared the electron tems-
setature of the numerous Tow-energy electrons i hoth
lomeitadimal ared transvernse electron beam created
hehrum glow Jischarges asmg line intensity ratio of the
2308 np P He Denes, The measured values ot kT, in
hoth dischueves were sinhae and e between 0.07 and
11 eV These tow elecrton encrgres are typical ot
clectne tiehd tree plasias created by election-beam
exaitation AU heeh electron denstties and low metal
vapor concentrations three bady recombination com-
petes with charee “ranster as the main foss channel of
Butter was rons eow clectron-beam pumped metal
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1-W cw Zn ion laser

J. J. Rocca, J. D. Meyer, and G. J. Collins

Department of Electrical Engineering. Colorado Staie University, Fort Collins, Colorado 80523

{Received 28 March 1983; accepted for publication 19 April 1983)

We have obtained 1.2 W of cw laser power on the 4911.6- and 4924.0-A transitions of Zn II by
exciting a He-Zn gas mixture with a dc glow discharge electron beam. In addition, 0.25-W output
power has been obtained on the 6149.9-A line of Hg ' using the same excitation scheme. The
combination of electron beam ionization of rare gas atoms and subsequent charge transfer
excitation to metal ion levels 1s shown to have the potential of significantly increasing the
effictency of 10n lasers. cw multiwatt visible and ultraviolet ion lasers operating at efficiencies

. 10 " appear feasible using this excitation scheme.

PACS numbers: 42.55 Hg, 42.60.By

We have obtained 1.2 W of cw laser power on the
4911 b-and 4924.0-A transitions of Zn I by exciting a He-
Zn vas miature with a de glow discharge electron beam.
With the same excitation scheme 0.25 W oof cw laser radi-
atton on the 6149.9-A hine of Hg © has also been obtained.
This represents an order of magnitude increase in the output
newer presiousdy obtained from these metal vapor laser
teansitions  and s the first time that metal vapor ion lasers
bave operated ow o the vistble region at a power of 1 W,

Fhe Laser designs used 1o obtain these results were simi-

[ A Phys ot 4300 Ly 19K

(003-6951/83/130037 03801 00

lar to those employed previously,' * the main difference be-

ing the use of two glow discharge electron guns, one at each
end of the plasma tube, as shown in Fig. 1. These glow dis-
charge electron guns produce well collimated dc electron
beams at energies between 1 and 6 keV and at currents up to
1 A. They have been described in a previous publication.’
The use of two electron guns doubles the available electron
beam power and also increases the uniformaty of the electron
beam created plasma.

In the laser setup of Fig. Lial, the two S0-cm-long clec-
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tromagnets that help to confine the electron beams are sepa-
rated from each other by approximately 2 cm to allow the
introduction of both metal vapor and helium into the middle
of the plasma tube. Both ends of the plasma tube are connect-
ed to a vacuum pump, allowing for continuous gas flow.
Using this experimental setup and internally mounted
2-m radius of curvature mirrors, we obtained 0.25 W of cw
laser power on the 6149.9-A transition of Hg I1. The vari-
ation of laser output with electron beam discharge current
and voltage is shown in Fig. 2. The laser output power in-
creases linearly with current and no saturation was observed
up to the maximum current investigated. The output coupler
in this case had 94% reflectivity at 6150 A. The optimum
operating conditions were 1.5 Torr of He, a Hg source reser-
voir temperature of 130 °C, and a magnetic field of 3.2 kG.
Placing the metal vapor source reservoir in the middle
of the plasma tube helped to provide a more uniform metal
vapor distribution; however, the reduction of the magnetic
field in this region, owing to the separation of the electro-
magnets, caused part of the electron beam to collide with the
plasma tube walls. To reduce electron beam power loss in the
Zn 11 laser experiment we used the setup shown in Fig. {b).
In this scheme the metal vapor source reservoir was at one
end of the plasma tube and the vacuum pump connection at
the other end. High purity helium was introduced into the
electron gun chamber at the reservoir side to assist in the
distribution of Zn vapor. Helium was also introduced into
the opposite gun chamber to permit the control of the pres-
sure for optimum operation of the electron guns. The glow
discharge electron guns used in this experiment had alumi-
num cathodes, just as the ones described in Ref. 3, but had an
8.5-mm-diam optical path through the axis to allow better
use of the active volume and to diminish diffraction losses.
The optical cavity consisted of two 4-m radius of curvature
internally mounted mirrors. Reflectivities were R, ~ 99.8%
and R, = 93.5% at 4920 A. Using this laser setup we ob-
tained 1.2 W of ¢w laser power on the 4911.6- and 4924.0-A
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transitions of Zn II. This output power was obtained at a
discharge current of 1.7 A and a total discharge input power
of 3.5 kW. The optimum helium pressure in the plasma tube
was 3 Torr and the magnetic field for maximum output was
2.9kG. This output power is 30 times larger than the highest
cw power obtained with hollow cathode devices’ and also
represents a 18 fold improvement over our previously re-
ported value obtained with electron beam excitation.” The
efficiency is 0.0349% and is over eight times greater than that
obtained ii hollow cathode lasers.”

We consider that even larger improvements in the out-
put power and operating efficiency of electron beam pumped
ion lasers is possible by optimizing the optical cavity to make

VOLTAGE (kV)
1.6 20 225 25

250} .
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FIG 2 Laser output power of the 6149 9-A Hg 11 transition as a function of
clectron beam discharge current and voltage. Average helium pressure in
the active medium was 1 S Torr. Magnetic field 3 2 kG Hg reservorr tem-
perature was 130°C
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Charze pose e theapper fser fevell g the quantan ofhi-
creney e ths boanching ratosand £ the opocad extraction
cificienes
Toa e ecnon heami exated noble pas-metal sapor mix-
ture. the Leer upper levels maly populated by thermal
Char e transier collisions of noble gus tons with yround state
mictalvapor gtoms. The noble gastons are ereated domimant-
Iv by diredt clectron beam tonization of noble gas atoms, We
can penerate electron beams with an efficiency g between
S0 and RO77 using glow discharge electron guns.® An elec-
tron beam of energy -0 5 keVimpinging on a He gas target
deposits 6077 of its power nto the creation of 1ons.” How-
ever, only 4 portion of that power /. will be deposited into
the production of helium 1ons when an electron beam im-
pinges on a helium-metal vapor mixture. In the case of a 10
to | partial pressure ratio of helium to metal vapor, we would
sxpect roughly half of the power to be deposited into helium
ions if the 1onization cross-section ratio of metal atoms to
helium atoms was 10 to 1.” Consequently, we expect that the
fraction I of the electron beam power to be used in the cre-
ation of helium ions will equal 30% . Only a fraction of these
ions will pump upper laser levels via charge transfer. The
noble gas tons are lost by diffusion to the walls, electron
recombination. and charge transfer collisions with ground
state metal vapor atoms. Thermal charge transfer collisions
have a large cross section (130 A° in the case of He " -Hg
collisionsi. ™" Therefore, at metal vapor concentrations
10" ¢m " and clectron densities below 10" cm ' the
charge transter loss channel dominates, and the fraction Fof
noble gas 1ons lost by pumping upper laser levels can be
F .08 In ~summary, the overall efficiency D, with which
the discharge power is deposited in the laser upper level is
then
D v I F~01S8 12}
The quantum cfficiencies for visible metal vapor laser
transitions v 2.4 ¢V excited by He ™ 1ons are roughly
1007 Then consideringg. O.1andassuming Br £~ 0.2
we estimate from Eqg. (11 the maximum laser efficiency is

[ L R

oo wiichs sl oo ddeably Bechier than e offioen
o b obtamed apos s dute Boruliravolet remsiions
o A heltam et vapor systems the gaantao eth

oy e Yandimprnapde aeeerdine o g D octhoen

Scthie sy o e cortd be chonned oo clecron,
Doam esetted Charge tnamster systennc Aldtheugh tie thoves
Sidcvlations are only g crande estimate, 10s clear thai the
possibihity of high efliciency s based on three mportant
pomts summnarized below  Phe tirst pointis that the majont
f the discharge power 15000 8090 goes into the creation of
Fewn clectrons; secondly . hehumons are ethaently ereated
by these energetic beam electrons, inallv, charge transter
reactions can selectively and efficiently deposit the energy
stored m the rare gas 1ons mto the laser upper level. Fora
more aceurate estimate of the maximum possible efficiency
of clectron beam pumped charge transter ion lasers, an
claborate model of the clectron beam created plasma s re-
quired. We are presently working on a computer model in
which the clectron energy distribution is calculated by nu-
merically solving the Boltzmann equation for electrons. The
distribution is then used to calculate the excitation and ioni-
zation rates necessary 1o determine the population in the
Laser levels and subsequently laser output power and operat-
ing efficiency.

In summary, we have obtained 1.2 W of ew laser power
on the blue lines of Zn I exciting a He-Zn mixture with an
electron beam. cw multiwatt visible and ultraviolet ion lasers
operating at efficiencies ~ 10 *seem feasible using this new
excitation scheme.
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Sasepa Kark VHEIMA paspsiioro ToLas
a— Nell, b — Kl e — Arltl, d — XelIf (21

WICKTPOHIOTO YHEA HOCTOHHNON0 TORQ JUIE BOSOVAGICTIE HoHIoro Tasepa
HEMPePSIBIOro Jleiie I OTOT NOBBHT MeXanuaM BO3DVIKICNI HOSBOTICT 110-
ayu, Gogee BHcoRyio adrierrusnoers n koporryio (BN gy sosi,
HOMTOMY  MBE TAREE 00CYIUM DTV HOBYIO CXCMY  BOAONGCICHIST LT HOHNBIX
SJHCPOB NEHPePLIBIIOTo AelicTRIH.

N auTpadmoie ToRLIe HOHUKC Ja3CPW wa  nepTiom rase. Diepiuie nenpe-
prisuoe Janepioe NO-wsiyvenne du0 noayueno Taananenos (1) 5 1966 -,
On sapernerpuposat asayuenne gasepa na Nelb (3324 10 3578 ), Arill
GHLL ) KellE G0 7 i) ipie tore or 45 10 83 A B paspaanoeit
TpyOke ¢ BUNTpennme jaserpos L0 ang, dibertusinag xanma Kotopoit
Ot ey Thmaner 1oy n MotoeTn Jaaepa & neupepuinios pedsave 003 [y,
S0 15 amBr cut nepexojtion Kell, Netl o Arll coorsetetrenno. I3 {968 r,
Devn [2) nposest nopoitnoe neeaegosate gqazepioro Y-mayuens woni-
sosatusty rasos Ney, Ar, Keor Xe, uasepoo koodupunnent yeuaenns i mou-
HOCTEL  CINTLUCIHITNAN THINHL TERTYUeHNsE Jasepa, B ROTOPOM  HCHOALIOBATACH
ceriutonporannast rpaduiToras Tpyora Uil 34 exMo¢ snyTpeiiiny -
setpos 1,7 s i pesyanTarst npubsecns na pue. 2,

Bance o apyine 131 noayunan Mongoers Jasepa Henpepsisnoro oii-
crrist cuninie 1 Dr npir o;noepesennoit renepatune na nepexoiax Arlll
CHET w3638 i) o KelbD (30,7 i) w o vpydre ms niardenoro knapna
o noyrpennay juaserpost 12 s Jlavnviep T4 a rske Bpnjekee u Mep-
cep 1) contnwn o monoet nenpepuisnore gasepa ~47 1 23 Dy s
aminnit ArlTE cooTsererrentiio nipin nenostpaoraimingr paspsi Uiy Tpyook i
BOALHPANMOBBIN ANCKOB ¢ MaIBIM pHMIpennny Jwaserpont (b 2030 aa,
ITa pue. 3 npejerawicnn pesyanrars, noayvaenusie Bpiurecon o Mepee-
por. O coofurgrne o6 adiperrunnoc it nopaasa 11070 Baogmie wont-
TOCTIL Ja30PoB B DTN DECIHCPIMCINTAN 11 OCHORHBIC NapAKTCPRETHRN praapsii-
LK TPVOOK  QUATONNHLL COPITIRAT  PARPUIAN TPYORAM  Helpepuibn
HONMBIX TA3CPOR, ROTOPBIC HPUNMCHHIOTCS B HACTOICE BPCMS,
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B 1976 r. Tuo u apyvroe Tadawma 1
(6] wernran auaunvenno Yantpadtioacrosue Y d-aazepunie nepenoud 8 He-
OOJLINIX  BBINOUILIN  MOH{Ho-  BPepumuoyM pesknse. Hsmepeunas somguocers Y d-1a-
vradl o aamsiirai SCPA UPIt MARCHMAIBHOM TORe HCTOYHMER 1nTanns
cTell  Jasepor ¢ paspsi;ito X .
) reit . 1 FP( A ¢ ‘I‘ I _l O TR0 A Cuamerp paspsia 12 vy, wimHa paspaia
TRYOROI 113 Bodtngrpavonnx - 1,7 M, aacnne rasa 1,25 vop aan Ar; 1.3 top an
CHOB € BNY TPEIIII JUTaMeTpoy Ke [T

12 st o 195 e, O

HOAVUILIE  CYMMApPHYIO  Molt- R SR thiviica il BTN
noerk 16 Be va s Arlll Hott i, nnf B gt | e
HpH pazpauion toke 485 A; wpiara, e
a0 % MougnoeTit 6610 Nadi- '
aeno ma e S638 s, Arlil 363,7 6t a8 S0
A oCTANLIAg -~ 1A HepPeNo; e 3nt.t an
3511 us. Kpouse roro, omr co- s -
Fed . are . T8 Iy —)
OGUULBLO aasepax Henpepsin- o o 7 975 Pt
Horo iefleTsist ¢ MoRocTLIo 23376 bt
nopsika 7; L8 o 010 Br na '
Vdr-nepexoax Krlll (350,7 n o -
Ezﬂ'n ), Nelll .(_1‘%78,1 AT ;,:_;/: 08 an n
3746 mo) 1 Nell (3324 i), 00,2 o
1, makonen, Jlwumr n pyrue
[7) 8 1977 v. coodnurin o ca-  Aplqg ' 2704 I 04 | us,0 | HEYD
Mofl  BEICOKOIT B HlacTosMee
BPEMSE MOUHOCTI Helipepsito-  Krlll 3564 1 o8 -
ro ¥YM-nasepa, kotopyio noday- 3.7 o
WA, HCHOAL3YST CeRLNONINO- _
BAIYIO MOTALTHICCRYIO Pad- 5304 . - =
. - Krllt 3230 I Wrh )
PHANNTO TPYORY ¢ BIVTPeHIM 510 -
daaverpos 12 a1 1oeTig '

a nepexogax Al (3511 ¢
S658 w1} mougmoern 61 D,
Bvafon Uu v pue. A apisme it peayanianss, posvacinae Chomst W apyin-
st ArHE o el Burxo;utas sonoetn vReiimwaiae s Get Bacwin e
A0 MABCHNATLIO. BORGRIOr0 paspsiioro foka ~ 4800\, wia vhasiinee, i
ro, uro e Sosttersa M-t Bogyoaiel GO B Ui con
Bocrh mpi GOILININ WIOTTOCTAN PEpsiilore 1ok,
Hpa padore ¢ vvnyancnnie paspson 8] (10 02 003 wier 0

ANICH POCT  MARCHMATILHOIT MONHOCTIU DPI VBTG 1t ot g ey
Horoe 1oka j SO BesTHannnL, I{()'l'()pn}l Ha nopsiton COLITC . TeN 1 s proveca 1¢
hown o apyros, B ouacrnoern, oo st ArEEE B30T v stenimoe o 0
ryanenos peiinye cocramsiaa LoklBie Go-72000 Moo UL 000 on 0~

Hownwe aasepw na napax seraman, Me- Cd-aagep. ¢ cowa: 0 g
nesasnenvo Foaqedopo O] woavinm FEHCPAITIO B e HiioNe o Ly
e CATE ma s 70+ 52500 i, Cetiacs sapene mpipai s stor e 1, 1t
na eveen He—~Cd s opaspiiinoin apyare JuaveTpost b aon o pmen T
Foredopo 1T noayams sommocssn 200 By w0 ipydne novcipos

wemnod 103 ey upn voe ~ 110w\ i artennn et LG oo
Crapacr 125 caeaysn Beddy, npectosant peaciim e

He*2e 'S Cd = e Cdoine Do s\

SUBE BOADVIKIOINA BOPNINN STasepunis vporienr oxT D e o 200
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Pue. 4. 3aBncuMocTs BHINOJHOI MotuocTir Ydr-qasepa P,
Ha e TMHUNY ATNHBL PaspaIa OoT DPOMIBEICHIA MJIOTHOCTI

R i S TOLA HA pajuyc Tpyosi:
20 30 a0 50 a —anna Boist <310 uM, pmaMeTp paspsla {2 mM, nqanie-
Paspslre mos, A HitC rasa OMTIMI3NLOBANO UL Kadiloro 3uadclus ToKa (7]

b — nauna Boanbl 310 uvt (7).

Puc. 3. BeIxoHas MOIUOCTI
yastpathioidetosoro ArlTl-mna-

aepa (na mamans 2508 i Bane w Zwryvaw (171 ormeruaun yseanuenne
363,8 mM) ¢ TpyOLoit n3 que-  MOIINOCTIT  Jadepa  Hpil YMONLIIenint  JTaBiefinst

KoB. HHEePTIOro rasa; MexXallliaMoM Bo30VIIeHUA 111
(R et i) DT gk SReHe PUMeNTATLIBIX YeA0BIil ABIACTES Lie-

HocpejpcTBENioe CTOJIKIOBCHIE JJICKTPONA ¢ aTo-

‘ MOM RajMiA B octioptior coctosinnt, B Co Aaeii-
nevos 1 Be BU Ywasos HI8) mssepuain Soanmoe  nonepeunoe  ceuene
(1.5 - 107" ex™) naa sroro nponecca.

Copces neganno rpyuna yaeunx 13 IHarvojickoro ynusepenreta msyuita
sexamnamet postymaenns He—Cd*-gasepa nytes Mojieanposauns 1t axcne-
puventagpuo 119, 201, a Tamike saceacniocTh Bepxiers YPoBus 1epexois
r CAIl wa &=440L6 un 55D, lHpeanosaractes, uro pacuyeThl oAl
ObITh Bepuwl I LIt BepxBCro yposnst 9s* *Dy ., mimmmr 325,0 ny. Yeranonte-
HO, UTO MOJCIb OY1CT COOTBETCTBOBATH DKCHCPUMCHTAILILIM JTalIbIM TOgLYO
B TOM cayuac, e yueceth oGe peaiunt — 1 Henmuura, n eryvienuatoe pos-
Ovirlerne otentporazir 13 ocgositore cocrosuna CAOID, Awropw [200 10-
KadilliL, YTO OCHORHBIM MCXAHH3MOM Bo3dyiICIuGL npH IIOTHOCTH TOKa &
HECKOJALRO MuLnaszitep arieres nponece Ienpunra no peaxnnr 1o wro
HPOUECE CTYHENYATOL0 BO3OYAICHITA ICKTPOHNDIM Y, 1APOM 11PCOtIaacT i
Go1ee BBICOKOIT TIIOTHOCTI TOKA,

Jasepst na o/HIOKPATIIO HOHHIOBAHIILIX ATOMAX NAPOB MCTALIOR B V.Ih-
TpaduioaeTosoii  oddactin  Paspsant B OHOJ0RIECILIOM  ¢TOAGE — e ouenn
NOPOIAA aRTHRIA CPela BT HOURLIX JGCPOB 1A napax MeTarlion, Tak Kak
TeMIlepaTypa 2ICRTPOLon OMCHh GHICTPO YMCHLITACTCS TIE VB TIUeI [T -
demnst napos Metada. Jro yoenteanino noxasatin Foto woapyrie [21] ae-
TOIOM CBOHBOTO 301,14 B Yedosuax paspssta, Timgunix et He—Cd*r-o-
sepa. Hx pesyantaTst npegcrantensr na pue. 3. Bedejietsie ykasaunoil Reile
HPICHINBE TLIOTHOCTE  HADOR  MOTAXIA 11 TOMICPATYPY  DCKTPOUOR  Wedth.a
O INHIBNPOBATE He3ARICHMO, YMEULICHIe TOMUCPATY PU DTCRKTPONOR RbL3b -
BACT TAKIRC CIIGRCHHE CROPOCTIL HOIESAIUIIL, MTO SIRBICTCH e l0eTaTROM 17
GoLmUARCTRA HONHLIX Jasepos na unapax Metamwion, Cxemol posdyis;euus
[}
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. : B THUyqanX  Yeronunx He — Cdropoospa . - TTTT T T
HITpeyoanin et nosasau pesy ILTat, nhinges T N
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1eT 3TOro Hej0CTATKA, OCAlLl B ¢l10- : RN T
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AYIOMAX pasieaax. A=
Honnsie naseput ¢ noawiy Katozom -
#ta papax Meraaaeos. Pazpsy B npo-
oM Katoe nmeer 0osce noaxofsune
g XapAKTePHCTHEN L0 Feidepanm Jiase- - :
s pa Ha CMCCiIt DHCPTHBIX raloB ¢ napa- : * - et
- MU Merwtnon. Paspsir, sauoausionaie .o I~ Tt A
HOLIT  KaTOX, ABAACTCA B OCHOB- . Oy, o
] Loa N . e
HOM OTPHUATEILUBIM, HOUTCPRIBACMBIM .- \AE‘, B ff‘o
{ ATCRTPOUAMIL TIVURA BBICOKOIT DICDTII \}gl\ )
1 ) yy ATE O Sy . Jo ) i
22l ‘B peaviLTare  Goudapponin ’ K%\Jé%‘_
HOBEPXHOCTIL KaTola HONAMU, GLICTpR -
MHHCHTPAILNLIMIL Mactinasi 11 oTo- - ‘ ‘ n!
HaMi OMUTTOPVIOTCH BTOPHTIBIC DICLK- ¢ 220 300
TPOUBL, KOTOPLIC 3a1eM YCROpATCS b Temneoam: .pa neds.C
L TeMIOI KaTo1noil ofacTi m opmupy - _ a3 et :
1. ot Z)J}(‘l\'Tp(),IHl.bli'l HYUOR € aueprien © n38rewue kadmus, TOp M
00400 513, J1i GbleTpie ATCRTPOUL
b moryt  odderrusio  nonnzonars  aro-
] MLI B Pazpae, codtilk.a HOAXOAAIY 0 aAKTIUBHYI0 ¢PCIY A1A NOUALIX JTa3epon.
Ha puc. 6 morasanmo pactipegescufie 2uCprulf 2ICKTPOIOB, BHIBCIEHIOE 103
! vpasiemut boauvnsana gas oaexrponos 3 He—1g-paspmie B nonom karoie
m (23], Ocuobseie XapakTepuCTHEIL 3TON0 PACPEAeICHISE XOPOMO COLIACYIOTCS
¢ pavepeanamn Tiiia 1 BeGoa, peinoanenuniMi Ipit NCHo1630Baiil 3IeK- p
TpocTaTitieckoro avacnizatopa oweprun 24, Oaentponst b nmyuke, nomaia- ﬁ
IRe B OTPINATEIBUBIT paspal npi auepriy, oamskoit K el 110 Ve —
HAUDSIRCHIe B PAspsile, TCPAIOT DHEPIiio BCTICACTBIC HOYIOPYTHX I VOPVIOX
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HONHAYIOMUX  crosinosennii, odpasywres upir unskoil sueprun [25], v pe-
BYALTATE Mero HOAYUACTCH pacupeseicinte, Nogasaunoe na puc. 6.
Hocroanky 1no1e B OTPHHATCABHON PA3PIIC, HOLICPEUBACMOM DICKTPO-
HAMIL JIYURQ, M@0, To ol Oy10T Meliee MVBCTRITEICH K muiiinio  napos
METALIY, KOTOPLIC PACHBLIHIOTCH ¢ KaTojla, 0 CPAaBHCHIID € A0 CALIBIM
CTOAO0M. JTO SRIACTCH HPEHMYNICCTROM, TaK KAK WOIBOIOT JVUIIEe OUTRMI-
AUPOBATL KOUICHTPAIYIO HAPOB METLEIa 003 PEROrO VMCULIICHHS HIepriv
OIERTPOMOR 11 chopocTn nonmisanmt. Bodee Toro, Kak  BHepsme  yiasaoi
Buaaer 126] w Rapadyr (27, MaTepnad caMoro EaTola MO:KET Paciplis Les
BOpaspsie, B peayantare uero NOJAyMAoTCs aToMBbl MCTALIA B OCHOBHOM
cocrosurimit, Takuy olpazoyd MoKkHO HenapaTh HeaeTyHlle MeTalibl Oe3 He-
HOALIOBAIN Hedll 1T CaMOPABOTPEBAIOLNNCH  PaspauB. JTo cyniecTsentoy
HPARTINCCKOe  NPCAMYINCCTRO;  BUEPBbIe OO ObLI0 PCATU30BAI0 B Jasep.
Crinrarost o osipyveont 1281 B wmeaeson nogoy gatone Wydean [291,
DBepxune naseprpie yposun JUist MHOTHX NOPexo; 08 11apoB MeTa Lo B
PABLAN € HOABIM RATOAOM 3aCeSH0TCH B PeayabTaTe peaninii uepesaps -
Kif, KOTOpLIe cxeMaTHveckll Npeleraieibl Ha puc. 7 1t sainchisaiores Kan

RY+ M- R4 (MH)* - AL, )

vie K1, RY v M o— avomi 1onons Gydepuoro raza noatodu weradia cool-
nerersento; (Y% — yore Metacria B BOSOYISICUIION  COCTOMINTL, ¢ KOTo-
PULG BPOHCNOINT dasepuasi reuepaiunst, a A — pasnoecTn viepriil ey
R (MH)* 5 peasumr (1. Jlydpdemiar ¢ coantopamit [30 - 36), a tarie
Tavaxanir [37] weeaejonaan paziminne eNMecH MeTalLion 11 03aropoiitbin
FA30R, B ROTOPLIX NPOHCNOGUIT0 BOSOYVSICHITE HOHILIX  VPOBICI BeJeqeTsine
gepesapritan. Hpuyenene pagpsaior ¢ DOABIM KaTOAOM UL CORZAnnsg -
BEPCIIT 3ace.1e1n0cTeil Hp1710 M40 paciipocTpatienio o Tex nop, nosa May
C COTPYAMHEAMIL B3 yuusepentera OTa ne npojieMoncTpiponat BlHepsuie.
uto nepezapsika 138—410] MoieT npnBectin K CedeRTHBIOMY BOMDYHACHI0
BEPXTHIX JAsepupX YPoBueii B yeTpoiicTsax ¢ HOAORUTCILHBIM CTOIN0M P -
pirta. Heckonnko JeT cnyeTs, Menodnavs BoadyaiIenie B passie ¢ 1006
karojtod, Rapadyr (27!, Cyrasapa {41}, Hivoea, 15921 n Hlencen 143) wo-
aywnur nasepnyio renepatutio ta emecsy He—Cdr oo He—7Zn*,

Brepsbie 06 HOBEpCInit 3aceennocTit B CAVaae ToIhKo KaToHOFC pa-
neLieianst coobnuitn Graaar ae apyrne w 197% v 28] npu renepaini
Coll-aasepa na 7808w Bepxinit aasepuniv yposenn Cull ccaextunno
BACCBIICH PEARIUIAMIL HOPEe3APSILN MOACTY HOHAMIL FeTT 1 aTOMAMIT MO,
HANOTUIBIANCH B OCHOBHOM COCTOSOIIE T IOV HCHNLIMIT IYTOM PRcHbLTeI,
Hoaztmee s T44-—46] G0 coodineno off yantpaduoacrorux Jasepibiy pepe-
xorax v Colly Aghhw AnTh B orada 2 amml 0mmst vodm oy nenexo o,
ODOBHATCTIIC YPORICH, BLINOUIBIC MONUOCTI SLepa 1 Hoporosbil ror.

MeTaruing, YRUGQIILIe BRIIe, HaUG0 00 IO U HEHOTLIOR
BTRCPAN €O HOALIME KATO0M, HOCKOALEY BCC U NOPOIlo. PactbEsHoTes 1]
Govdapuiposie nomasn ¢ arepricii ~ 300 58 [A71 Cacosarenno, nyrew
PACUBLICITHS MOZKHO DOAYIITL WIOTHOCTL HAPOR MCTALTA B paspstie, O011-
iy e pastyio 107 e 810 Bpose toro, ypoRmn nonos Neratia,
DREPEHSE KOTOPRIX. COOTBETCTRYCT MICPEHH HONOR HHEPTHOIO Tasi B OCHOBHO
COCTORIIL,  BaceasioTen peasisiin nepesapsiian 30 3610 Cononynnoe
arux darropor odecneunpact nyinyio wsepemio saceaernocetei. ke pae-
CMOTPHM JA3epbl € HOJBIM  KaToov 10 XAPaRTePUCTHRI 1andofee BGRHBIN
N tasepos ¢ nors garoom: Ne—Cu*, He- Ag* o He--Au™,

FeoMerpuin aasepor e noamy xarojom. Jazepnas renepanin Gmaa no-
AVUCNA € PasiooOPAIIRIMIL TCOMETPISIMIE Hodoro atoa. Ha pue, 8 npet-
CLargenpl pasnnneie Kondui Vparim notepenitoro nosovicenng, B FL Y-
forace DA 0 Cunr (501 suepnsie nenomsoranit paspsit 8 0010 Katote ¢
Asounnse nosoyactenes (ua pie. 6 one vokasano) w He  Ne-dasepe na
Lo sve Booeaeserwim Baitep [DH, Biep 1528, Wapadvr [27] Cyranapa
PAtl TiySean 1420, Mencen 143, Thiep 1331, Cucar 128), 4 raoke Aiix-
dep ot pyrne I3 upnvenian paspst ¢ noasng RaToon QU ROV R
disepor wa gonan Metacnion, Bodnmsierno pador no nmayaeninoe rasepon
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Puc. 8 Nondmrypansit dasepa 1 ~

¢ HOJABLIM  GTOTOM ¢ Hotlepett- ]
itbiM BOJG)’ZK,‘[U]IH(‘MZ

T HIyoean (a), UpaMeyrodenni ' O sl

medenoit el KaToL (B, Kpyr-
S nete (e), THHA BOJHOBOLD

Chr, Hoai auet nnt sarpylucis O =1 7 ARNSRLY

HEUE pasiery o). sReefRonig 1o- g s A

i Kato'r (J) 1 UpEiNOM OGOk e ” N
K, 1t K. - karo- =1 &

oL BaTol ().
aey LA anogn

Sulenn

BBITOMHETO €O LLETERBLIM TT0-
Aty warojom  HlyGeas ¢
HoliepedtbiM BO30YIRACHIEM
{29] (ewm. pue. 6, b, o).

a pie. 9 noxkasanm
Titipte rpadinkin BOALT-
AMUEPHBIX  NAPAKTCPUCTIER
UL copeapstibiX,  MeAHbIX
I UOMITIICBLIN TIEACRBIX
HOJBLIX  BaTOA0B ¢ pasi-
et evecssi Gydepinix )
rason.  Caejyer  orMernsh, e

UTO  TPeGoBalisl Ko BOJLT- R
aMiepubiM XapakTtepuctii- L5 Mm —j 7

B HON T Takie ke, wro 70700 ]
) . Kameo

1B oelyuae cepniitoro a-

JePAHA MONAN  HUCPTHOTO

raza. Oqpako nodmee ga-

MUHYECKOE  COHPOTHBIENTe

paspIia ¢ MOJBIM KATOAOM

OYeT BCOTIA HOAOKHTEALUBIM 11 Hiakny (<<20Q), uro, VINTBIBAA 1KY
Y POBCIL ILNIpSGREIT ST HPOGOA, YMCULMIACT HECTABILILIOCTI B LGINE PAspria.
Lee nonduvy patpin sdexrpojon, npeacrasienunie na pic. 7, Oy;iyvr padorarn
I PeKIMe NOJ0F0 KATo/la TOTBKO B TOM CIvHace, el 00JacTii OTPHIEATe 1h-
HOTO CBEYCHs 0T UPOTHBONOTOKILIX TTOBePXTIOCTEH KATOAL COALIOTCH M
HeperpoloTest.

Ne—Cut-aagepu. B paspszax ¢ noamy katojlom noocveent Ne—Cu®
vponi Sd'as Goll sacenennn peakigiaMie nepesapsainin Medcly aToMaMin me;ul
I HOHaMIL NHePTHOIO 1Taza § ochonnoy cocronmmn, B oradia 2 qane cavbo
cuaptipie nepexoint Culle Ha pies 10 aesonerpupyeres ceqerinsiocTh exe-
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Curenemu TLunnem::

HELUPT b @ Y. P voueiHb € 4TI SIP
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" 'p 1‘530 B0 B X003 Bty N b
3 ? ©3 234385498 1 01T 23a]yet
B T
160~ N ARG
803 | | Towmitae oo

510
e}
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. oo
Pur. 9. BoIbsT avMuepitnle  Xapaste- 2
a
PHCTHEI Paspsi/lon B 110J0M LAaToe, s
BLUHIOTHCHIOM 113 MaTepnaaor: Ay, -
Cu ot AL
Puc. 10. Cxema Tepyon Coll e yvua-
BANHEM OTTOHBIIBIX JTA3CPHLIX TIepe- i E T TR R IC A et
XOJ0B (CILTOMNLIC JTHIE), 0 — 4 -
n.'ll”lﬂ LIARIIAN] Adauaon WAHOMCTPAN,
B
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Tadanoga 2

Rooduphutitentid Yesenust ¢riadiors curitinga it BLINOTHBIC Mo~

HOCTH IA3CPOB 1t HEROTOPLIX Y dM-pepexoax Agt | Cu® o Au*
(60, &0}

Fi3Muepennibift

foamtait rong- |Boodduent
aienT yiri |Yemaris na

Mouguocth Jaie-

Admma soaust, wM o [apng g | M e 24, pars
Opk ki : %.\1»‘

318,01 Ag* 53 3.8 1,3 Br

203 Ca* 5.1 3.6 0.5 Br

26000 Cu* 3,2 23 0,25 Br

25249 Cu* 2.6 1.0 '

2486 Cn* 12,2 8,3 0.5 Br

2243 Agt — —
2822 Aull —_ —
2018 Anll — —

6.0 MBT

By wBT *+*

e KoadduimeHTel Yo deHut eIabwx CHrilaion Hps apoxodcIemyt ar-
TURNOI CPElbl B NHAMOM 11 UDPATHOM HAIIPAKICIIAX 34 BUNCTOM colCT+
BCHHbIX NOTCPbL B pe3oHaTOpe AAM KaTota [=U0,7D 1.

v JlmreapnocTs BMnyabea 120 MEc, YacToTa nostopeunit 40 ', asmu-
aityna Toxka {00 A

**% [fonyucua Opit Hactore NOBTOPpentuA 40 Il 4 JTIMTEILHOCTI 25 MKC,

M Bo30yskjienus npn nepesapsajike gaa Ne—Cut, ofycaoBiennas cosnaie-
HREeM OHeprill I0HOB HHCPTHOTLO [a3a I RCPXHIN JAICPHBIX YPOBHCH s
XapaKTCPHBIX Jazepusix mepexofos, manpimep 248,6 ny. Hadmozaanen cemn
aasepusix Y-nepexo;ion 8 Cull ¢ yponueit 3d'5s ¢ jannasi poanm ot 248.6
Ao 270,3 nv 144). Hurerpaapnaa mowmpocTs aasepa na gaunuuax 239,9; 2600
n 270,53 uM cocrtasamuia 350 mDT, a upn padote Jazepa Ha OQHOIL JRIII
(2486 nv) Guuta moayuesa mompmocts 500 MBr. B cayuae Ne—Cu*-nazepa
HCHOAB3VBATICH TOILKO HEOH, JApyrite Oydepile rassl e A00ABTANICh, 4TOOHI
He yBeauuunsarh pacustiensre. OurTnMadpHoe JARICHUEY HCOM  COCTABIATIO
12 70p. Avinung 1 apyrne [55] coodnuuan od ysemndenmtut JLIMTeILUOCTIT M-
nyarca mwaryaennst Y-gasepa 3a cuer godarir 0,1% aproma i Gydepnomy
rasy (neony). fhas ammnnt aasepa 259,14 1 260,0) nv Opria moayuena cpeguss
seIxoTuan Mongects 60 Bt (nosnoe nponycuanue zepraza 2%),

Hoaauee Jlikeitn 156] odwiea yoeqnuenua sonugiocrie WD-naayueinnst ;o
SO0 MBt na seex mumuas. Paspsl Boadyisuics B 110100 KaToje HKea00Ko-
poro THIHA gaunoit 25 em (em. prce. 8, f) myuyapcasit qautennioctnio 40 sue
upn nurosor Torke 40 A 1t wactrore uontopenun 200 i Pacupeeaenue pot-
AoANoll MontoeTn Jazepa 1o sunmray 248,05 252,9; 2501 1 250.0—-260,0 1y
coctasasizio 0,23; 0,11; 0,37; 0,29. Camast BHICOKOST MOJHIOCTL TICPEePBIBITOIL
renepamng (200 mi3r) joctoruyta Afixaepoy o apyrmsnn [37]. Paspag nor-
Ayjaties poIgedesoM ntodoym katojge passepoy 2X 6 st (ey pue. 8, 6H)
npy Toke 70 A\ ¢ XaparTeproii mydabcarireii TPEXHoJynepHoIHoro BRITPAM-
aennst, Rooddmptent yeiutennst onennpaticsn kax 0% M7 1T ICHOIL30BATON
HEINOTTOC SCPRAJO € OMFIMAILHMM nponyckantiem 3,64%. Afixiaep ¢ coan-
TOPAMIL TARIKE COOTNULTIT 0 KBAMMHCAPEPHIBIOIL MIKOBOI BBINOMOIL MOII)-
cty 09 Bt npn BosOy RO BRIAPAMIACTIRIM  (UONOIVICPUORILIM  TOROM
50 I'n, Ha pue. 11 norasana pasiina Me:Rly MOUUIOCTRIO TeHepaiuur B Ie-
HPEPLIBHOM  PeskiMe 11 CPCICiT MOUITHOCTLIO TP OLHOTIOAY HePITOTIOM  Bbi-
HpaMIennn kak (PyHENUg 0T paspaIHoro Toka,

He—Ag*-nazep. Nondnrypannm 4d'nre uw 4d°0s® nona Agll nostywia-
1est o paspsiax He—Ag 11 Ne—Ag cootneternenno. Ha pne. 12 npeactan-
JeNL OTICILHBIC JTA3ePHBIC NMEPEXOIBLl 1 YEA3AU0 Ha CORNALCNNE BEPAHIN
dasepusIx vponieii 1 yposneii reamg. Boarty jutarpaMsmy Taniie BRTIOHCH
sufilvuIe 1f nudipaspaciisie aasepubic nepexo;nt Agll.

Haayuenue ¢ gannoit poanst 224 mM na gasepiiom nepexoie S5d'S, —

5p' 1%, noayuennoe snepovie Mar Heittom n jpyroy [43), anaserca ca-
19
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s P » GRah e wen s 4 oy T

4a% 552 4a?nx ‘
CuHanemsi Cumonemo: Tpunnemas P
Py mBT ' 1 te 150 TR0 §c0 3,0 3030 In .-
° ' Do Ca |20 % B2 Fs oiz 173 7% e i
200~
<1 ] 1 1 ] 2 l |
| 170 —L DcHogHOR cocrsanue AGI 437 “Li), IERE
i |
140 He* s )
7. 1_5 o J?
' P,
] B
1501
| ]
5120 "
L]
e
10! ﬂ‘ x _
'Y
. 3
o
Q100 478,8
S 502,7 d
o -J
. -
80 - )
b 1
N - ‘ CcHpeHoe coomonnue Agl 4a'C 'S, 1
6L 00 1,7 oL i ‘
Fue. 11. Bruixoune yvoumoetn Y- Puc. 12. Cxema tepyon Agll, i

Jasepa Ha Cull ran «bymimm Pa3-  VYraszamsl OTEJILILIC Jazepisie nepexoant (endotumne -

PHAEOTO TOKA IOJOFO LATOTU B He-  HIll) It 3HCprint OTHOUUTLILIO  OCHOBIIGTO  COCTO:HIA -

npepeinEoM  pemuMe (cw) monp HoHOB [eolia it rectr. H;I‘il\fa BOJHLL 2aM2 B HAHOMCT-

BO3OYRACIHIL  TOKOM  HOCTC  07- ’ B

nogoayoepno ioro BBIIPAMICHUA
() [571.

MBIM  KOPOTROBOJIHOBBIM HEHPEPHIBILIM TasepHBIM I3V UCHICM, ONNCANNDBIM
B auteparype. Hopor et oToro nepexo;ia coctapisier seero 2 ., a MitKOBAA .
BLIXOtiag MomocTh — 50 MBT npu epeaues suavenm 1 mBr (58] Onro-
smaasnioe gasienne He — 20 rop n Ag — 0.2 rop. Ha pne. 13 norasane 1
HAMEHOHHC BLIXOMO  MONHOCTIC NPIC BapHAIN HPONYCRAUIIA 3cpRata 1
Jurng 224 HM OB HPHMOYPOILHOM HETCBOM RATOJAE VNI 27 €M HPI 1IM- J
nyasce Tora 40 A, Suaveune nenacptiennoro woxdduiienta yenaenug mo- B
posusa 25% /75 cootrerTeTryeT dRCIEpHMEHTATLABIM Janubint. ITaudoaee civin-
f Bl rasepuniy nepexo;t Agll, coraacuo sxenepnsenray Dapiepa 1o apyriux
[50, a ranme Comann ar apyrinx [60), na 318 nyw, Ad®Hs* G, — 4d® Spd 5. b
JaeT NHROBYIO BLINOYI0 MomoceTs tta ojnoir min 1.3 Bro Drot nepexot
EOSDYHACIACTCH HPI CTOJARNORBCINAX € HepenocoM zapsia ¢ Ne™, Otnako n
akenepuMentax, npopegenuniy Jhneiimos 11 Howotonrose [56]) veranonaeno,
MO STOT MEPeXo,1 SHAMHTEILHO CJadee, wes s 224 1M, a usMepenunti
seodbumtent yenaenns na o= 38 mr — 2%/

He—Au*-aasep. Ha puc, 1% mokaszannt ntecTnh Vanrpadiolderopeix -
aepustx nepexo;on Aull, kotopsie nadmodaicn npie BOROYEICHIIT paspsid
4 BT B 300TOM HOToy Katoje, CaelyeT OTMCTHTHL, 4T0 BCe Jasephuie
nepexoasl Ankl navmnawTest ¢ oHepreTHUCCKUN  Vposuei, DaN3KOpAcTo T -
t SBOANBIX K OCHOBNONY coeTosiin Lofon reist. Hoporonuste Torn G na-
.

M

.

™ rr_vvr

K

SCpPHBIX fepexoon 7o== 280 par cocranastanr reero S5O\, o noatie B 20 pas
MEHBHIC, MOM HODOroBbie ToRN Ui dazepunis N D-nepexoon B dazepax ria
nopax wueptTupx razon. I juranazone 250 - 200 nar nadmotadact puinoas
;‘ sMomitoetn ua seex annuax 125 A6 1 600 sbBr [D8) Jlikeiin o Huoton
! (D61 noaywmian nenpepuirByIo Aazepiuyo retepamnn U Nedesoro haTto i
aanioit veero i o oM na aupun 282 ns. Ilpie jrnme parona 2,0 ev
JIOCTHrANACH Trerepaiisl 8 KBAa3OmCOPEepPBIBHOM DCIKIMC € IMIOYILCAMI TOKA
Jintenpnoctihio 300 Muc,
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CALIOHTNGE DYt ey 1N eT Kovhe oy
PHRRRRT L Nviacana oL ALPRE EPY Y S Y RO ’ s 101
¢ PY IR S 0S  po - Do Bnoe S mnanue Aull 5d So .
NENL HeRCR I peanttaropa 0 [ ) '\7
BY®-maayuemie  eninno-

- Pl 1 Cxeva tepyuar Aull ¢ VEAUHEPM 070 M-
HOHNIOGRANMLIX VIATOPOHBIX ! ;

. PLIN SR8epHN Hepexoton (Cudonise SInni)

4 ricion. Wag (‘(J(N’)Hl(r.'mr‘h Hbi- THODUINT 0T OCHORIOEG COCTOSITI NOROB TeREL.

- uie,  annodee ROpOTROBO L) - Amna goam 2ona s nanoveTpax,
BOC HEHDePLIIIoe 111y verne

:‘ U HORIRIN fazepuniy nepexogan (2293 1w na AglD noavieno g He—Ae-
PAZBUAN € 1AM Karo oy, O moupariig aoii3opaiinpie WHAFOPOIBIC Tati

{ CRVINAT HANGOTI0e MO 1O oM Helpepuiniora RIIMoro Jaszepnoro .

X sty e, Henpepunuoe Mebh-rasepuoe wvaenne Daaropo;InuLIy razax p

OCHOBION DOIVIOT  1a UGG TORIAORATIRA aTOMAN Mapauur npo,ie-
MoucTpapoRat Aaszepuyio reucpanmo n BVM-ob et na REICOROUONITIOBA I\
TIACOPOTIBIN a1 yanenoxt pedsione (200 ned [GHL Hpn esemenin,
B ETOPOIY Guice RupoTRIX 1IN0 posr 1 BLICORORAPSIUIBIN Tonos TpefyeTten

_dERL . s

X GOCC BBICOIS 0 II0C 1, Tow, o noayuenus gasepuoii TeHepaiimgg
L OUIACTIE THue posn minke 2000 myc Map o nenoanaosac BOSOYIICHNe Ny .
‘ HVALCHBIN DICKTRIIOCKIM PadsLion. € UHITeThHOCT Lo Hauvanea o000 e
;_ I HHEOBONI IKIOTHOCT Lo Torka 1o 14 Ol Aes® 1o zonnue HPOIOTLIOT O Pit 2- .
[ poee Boraden Ooupieeien pesyaRTarl L BV M-aasepon, uenotnsy o |
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3 - Pue. L3 OTHOCHTEILEAA 1ITKOBASE MOIIROCTE
: ; KrelVoaepa na nepexoitax 1o6, 195 1 28 uy
N } A7 HPIE H3MCHCHID  MAKCHMAILION  INTOTROCTH
' < . . S . . . I / ;
Ry 4 Toka BosOvIR e or GU00 o 14000 Alew-,
i) . I . - . R ' e
- Fracnmgenne oteyrerpyet (61
[ane N ol
T o Pue 16, Cxennr ypoieit,

(W W npear e cropae Tl PONONECLe-
Hit Tepion o ]v\"lm\ll}unup}“:mv:: morasMe.)

(O 1—1 cBr) saperncrpuposato na ctnumx 1900 1 1756 nw o KelV.
Ha pire. 19 nokasana o1gocuTeInHas MIEOBas MOHHOCTE 110 OTHN JTase b
nepexogax kak Gyurnng rora paspsia. Orserin, Wro Hachigenie b aninos
caytae oteyrersyer. C poMonusio Toro ke vertota nosoyviens Mapoawnr
HAUICT MIEGRECTRO HOBRIN JTAZCPHEIN HEPeXoon N MIEOrosaps UL Honax
B ofaactn 200250 nw [8].

Pestoyupys, Moo ckaszath, uTo Jdazepuas reuepanus s BY(d-obaacti
HOJAyUena a HOCROALENY BBICORONONIBORAILN aTtoMax. Ouako ¢1e1aTh 9To
VIAAA0CEL I NP BOSOYIICHIIE KOPOTRING myuyaseos 1500 ue), Tak Kak
1peboBadact 1H0THOCTL Toka Hopsiika 100 AL

Pexomonuannonusie nonuwe aasepsr. 3 1963 . JI H. Tyisenwo n
LA Heaennn npesiocps KIVHE, 9T INBePes 3accTeHN0CTeil MOTRET Co3a-
BATLEH npit pesoMOumann waasmut (6210 Takny cnocoboy soikno adeic-
THRHO HCHOABIOBATH SHe IO, HAKOILICHIYI0 R’ poliax miaaMbt G adubens-
THRIOPO BOSOYHSICIET aepusix repexaoe. Ho atosy npuounuy soadyin-
ACHSE GRLI0 HOTYUCHO LIV YCHIe i HCCROALENY Y -Tazepr iepexoiax,
B1976 v, 15 B oslkveow noap. 163) wenoansosadn srenepuyentainibie ta-
HEIC O peROoMOIIUTHONDBIN JA3CPAN, HOTVHCHIIBIe 32 TOABL 1ponie e Hoce
wpectossens L HL Tvspsenco wc JL A Heaenmra, s donee tounoit dop-
MYJUPOREN TPEGORBINNT K VCTOBISM  Padpsilil 10 PaciipegeTenitio aToMIbIN
0 HOIN aBRTHRIWN VPORHeil, SToOR HARCPEIT Hace1enocTeil jlocriratiact
B neponoC pesosiuraine waassse Do B sivieon o apyrire onpeaetivnn od-
HUT BPITepIng CVIeCTBORATHISE HIBCPCIT BaceTeinnocTeil, ROTopeii B ciyiace
OOALINIX HPOMUEYTROR AMGRIV VPORIBIOL, B HPETIOTOMRe NI, uro waikag
1TPYIHIR COCTORT 113 0100 VORI, HYICT

a0 A F o g (L Fan) > WL (2)

e g AL P W cratueritiecinii nee, BepositHOCTD HEPeNOGl, CROPOCTE
ACBOSOYACIONIT VIORTPORAMI 1 HOTHAS CROPOCTL  BOSONVICICHINL Bepyiero
(i = 2) 1 meknero (o= 1) yporneii. Antopi [G31 npoamasmsiporain cayuay
PAATGIOITONO 11 CTOARIORITEILION0. PrRIMOR, Kak outcato wiste. Hlpie -
KOl TLIOTHOCTIE DICKTPOIOB MOEHO HPeHedpedt, wtenazsir [y o o misepeis
VETAaRINBACTC s HAAroaps ONTINeCKING nepexa it [ aros eayiae odnritn
HEODXOAUMO  HPORCPIThL, NTOOBL  HPOMCIRY TOE ey BOPAIIIN B BRI
VPOBISIAMIT OBLE 3UHAMIHTEIBI0  MOULITE DPOMCIRVIR MOV IHGRIHNG 10 oc-
HOBURIM Y POBHSAMID, THOCROILEY FAROC Pacnpeelene N popieit et nyikior
COOTHOITAITITE MEHTY BOPOHTHOCTSIMIL GUTHec KN epexaoiton, Fanme cneress
ypopueit norasane va poe. 1o a0 Odnako aupepoin netnewer, okt
N, CHCOBATCEILIIO, CROPOCTH BORGVIRWHIGE ML PEEOMOIHDIINT 0Tt
YBOAMUBAIOTCH, Tk Kok B ooTov cavaae wotenns foo w0 For npead anaer
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' NX BHANCTHIN BOIPACTAIOT NP YMEULIICHNT PACCTOANIST MeIRLY VDORMAMIL
Hpu rarom pacnpesexenn yponieit jJocTikenie soicornx Koadhdumienton
VCILICHIS 11 BLINOUIBIX MOHIOCTE(T B POROMOIBANIONNOM peikliMe Majlone-
POSTHO, HOCKOIBLRY JICBOSOYVALICHIIE DICKTPORAMII HAKRIa(BIBACT orpannienie
na geanuuny nisepeint, Teasr ne Menee, ecann cucreMa Yposieif 1MeeT cTpyk-
TYpY, Horaszaunywo na pic, 16,0, To eBO30YAICHNC DICKTPOHAMIT MOWCT
DIAaronpuATCTBOBATE  Husepcit uacetendoctir, Hupepeuw neap3s  co3xaTo
HYTEM OUTIFCCKUX Aepexo;loB, HOCKOALKY d., = Ay (Gaarojaps Tomy, uto
AL > AELL), Cootnomtenne  BeposaTHocTeil 11ePEXOI0B CTAHOBNTCA 1IPHEM-
JCMBIM B PEAYIALTATE ICBO3OYIRCHIST JQJICKTPOHAMI, IOTOMY MTO B DTOM
cayuae Fon, > Fane, Ila nepexonax co erpyrrypoii, norasamoit na pre. 16, b,
npir dhdertunion J1eBos0YICHI DICKTPOUAMII HARCpCHA HACCTEHROCTE(f
MO;KCT OBLITL CO3;laHa IIPH BBICORIN ILTOTHOCTI IIAIMBL 1T PEROMONNAIIIONHD
CROPOCTI BOZDYILICNISI, Tak WTO BBINYILJENIoe n3ayuenire Oy;IeT HHTeHCHi-
neiM, a KOOPGHUHICNT yeuie st — BHICORINM.

Cotpynnkn Poctorcioro ynusepenrera cdopmytuposatin ofigne rpo-
Horanig, KOTophie A0 BHMHOINNTL JUIA J0CTHAReUST HUBePCIL 1ace1euin-
CTell B PeROMOIIAITONIO-CTOIRROBITCILHBIX YCIOMIAN, ciacayonygns ofpa-
som [621: ’

1) Bepxumii Jaszepuntii vposenn J0TReN OLITL OJXHEM 112 CAMBIN FIIRKNN
B RBICHICID Tpyuie (IHEKOPACHOTORONHLIX YPORrHeii;

2) MGKINLE Ta3ePULIT YPOBOUDL JOTHEReH OBITH O;{HIM 113 CAMBIX BBICOKNN
B ILRUCH TpyIHIe 0JH3ROPACHOTO/ROHIBIX Y poBHell;

3) paspemetsl NOPeXo bl MOy YPOBUSIMIIL;

4) WI0THOCTL MICKTPOHOR JOCTATOYHO BBICOKA, Tak UTO BCPOATHOCTH
CTUIRKHORITOILNLIX 1ICPEXO0108 BHYTPIL TPYIII HPEBBHUIAUT REPOATIIOCTL Olf-
THYECKIX 1OPe X008,

D) oTeMiepatypa 2ICKTPOHOB JIOTRNIA OLITH MARCHMATBNO TII3KOIL.

Takrne yerosust Bmncnisores Jwig nepexoja ¢ A =373,7 um B Call
# mocaccaenetur paapaia w He—~Ca. B, B, iRysor 1 apyrue [64) noayuuu
cpe;nmon Beixoanyio Mompoern (00 Bt ona aToit mmimtin ¢ moMonibo OMmy Ti-
cos Bo30y:Ktenns ¢ Toxoym 00 A\ rnredwnocersio 100 pe npn wactote aon-
nropemitsn 5 kg » pazpanon Tpyore jutaverpoym 11 sy i ymoi 50 ey,
JLTeannocTn  aasepibix IMOYILCOB COCTARIIAIA NCCKOJILKO MIKPOCERYINL.
CrimacTt 1 apyrie Toske Hoayainns retepaittio B Y M-o61acto B peroMGimnin-
pyiomeit naazse s InlH na e voaust 298,73 1 5008 oy [63]. B atov
SHCHOPHMEONRTe JIR3epias Tenepalisg Dbl HoJyuena, KorIa copist CTYCTRAR
JITAsMBL HCHAPCHITOTO MOTULLY, 0GPABORATTHON RBICOROBOILTHBIM NMIVIHCO ]
B 2a30pax MOV PUOM O VICKRTPOAOR, BHIUHOAHCHILIX i1 1 CHEPIPY I0IIeTO D1e-
MeIITa, Moria paciinpathes wnl perosannnposats [66). [aureiswoern 1a-
JCPHBIY HMIVILCOB TAKRe OLLIA HOpSIKEAa HeCKOILRIIX Munpoceryit. Comact
IpyVENe nad o s renepatio dasepa ma nepexoye » Agll (- uranason)
uoanatorninmy nepexotax CAITD Genounsin) sr InlV o npoeziesonetpriposa-
SN0 UTE HOJINV T FeHe s B peroMOalion ey Jasepax na o tee
Fopopiiax JUHHaNxs BoSTI MO He MCOJILIORATH  KOHICHILTTO II}(')I).'I(‘HTPOUI!')l.l
socae e annoe i {65,

oo nacrosminero ppesteinn BOJTepatype e cootnenitii 0 peroNami-
OO Lcepe nenpepstiioro eitersng B Y D-odacrn, Hpnmtna sar twe-
e TSR OTPYIITOCTID OV HeIisL TRTA3MEL © EBICOLKOIT CROPOCTLI) Jonu3artna
OIS T MIepA LY poil e RTPOIOR, BROTOPOIT 10 TPORCXOUNT /ante it
flevi o lll)’,ll»:lh,h'HlHI HiLIRCeTro J1agenptioro VPoraga 13 octoliolo  coCcTosiing
Pt crcnnitonennax e oo poetnasin Gomare Byae o Cooeacr [67] coolintiag
ettatito o gratenpepnisiod Conreanioeriio boed renepaimnr aasepa o
IR orcraern o nepesorax CHT 1500 00000 18% 0 167 s Dot peayan or
PV Ielt B N e MR TIBVAMST KA IMITCR BN I"I(‘lﬂllti,'['l.\lli. [0 I’llvl("l‘]hi Bafrer-
Toerar ras He spnr cotlGinut pacimpmoret 117,

Hocaeue Soetiskenus 1 #epenertisil. [ax Oniio coodnuno nope-
CHIYHIONM pa i tedle, paciipe eaeitie MIPRTPOHAR o dbepuint v panpaoan e
PORING BATOIOM TMEeT BLICOROOUCPIOTIIVI COCIARTI N o i) H00 iy,
D0 RRCOROOTCDI CTHTHL DICETPOIBL MOIYT Jehho HOIsopoea i monng oy-
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REPRODUCED AT GOVERNMENT FXPENSE

Jeproro rasa, KoTopbie 3aceTAIOT BepNUUE JIA3epUBIC YPOBHII NYTEM peask-
Ikl ¢ TemlossiM nepenocoM sapajta, Cxesa ¢ DepeHoOCOM sapsgla B papaac
¢ LOJBIM KaTOJIOM YCHCIIUO NPUMCIBLIACE UL HOJYUYCHHA Jasepnoit relepa-
WL ¢ HUBKIM HOPOroseid TokoM Godee ueMm na 10 uepexonax ¢ mauitami
soan meubiwre 300 nm. Opmako monydelne BHCOKODHEPreTHUULIX BIEKTO-
LUB B OGBIYHOM Paspsiie ¢ NOJABIM Kato; oM Magordipertiinio,

B paapsiie ¢ noamsm xonouinkey satojioM (JIXK) naewrtponnt B ocnonuos
onpasywres upint fombap;poBRe HonaMil HOBEPNHOCTI KaTola. 3aTeM OTi
2I@RTPOIBL YCROPAIOTCS ONArolapf KaToANOMY mlenino naupsrennsa 11 gop-
MIPYIOTEA B 2IeKTponublii nyuok. B npeunedpesseins nousanueii B TeMHoM
HPOCTPALCTBE TOR WICKTPOUHOTO LyuKa,/, ¢Basay ¢ nonnwsM rtoxoMm [, co-
UTIOIICHITEM

' I.=l,, . 8)

r;ie Y — woddnunent nropnunoil smuceni niaekrtpounos. Ifoaaras, uro mos-
nwtit Ton I =1, + 1, noiayvaes

I = (y/(1 + )L 1)

Orcila ciaelyer, 4ro dPQeRTHBHOCTE TeHepalill dICKTpoiore nyuka [2,
avier

Ro= 11 = /(1 + ). (5)

[fpn oneprun naseraoiunx na karox uonos 200—300 513 Goannnicrso Ma-
repuaton mueer ¥ = 0,1, Creayer Tawske OTMETHTL, 4TO GOALLINICTRO HOHOE
He HAJCTaeT HA KaTo.| ¢ HOJNOil dneprieil Katoauoro naenusn el ., tan nan
om rperepnesanT cToaruoneuin ¢ nepesgpaaroii. Hpu suavemnn y = 0,1
asferTHBIOCTL Tenepauit AICKRTpouoro nyusa u3 () coctavasier 1 == 0,09,
leaasno Pouka i apyrie 169] npecrosaian i1 ocymeersicnt [70—74] nouetit
€10cos BO3OYRCHIA HOHUBIX Ja3¢POB IeHPepPsIBIOro ACHCTBIA € MOMOLLBIO
MICRTPOHULIX IYUYKROB LocTonlmoro tora. G oToil nednio ounn paspadoradi
ATERTpolble YR Ha Tieonmem paspsiiie [75—78), woropuie coslaor xo-
POILO KOLTIMIPOBAUIIBIE XLICKTPOUNLIe nyuki ¢ suepruayu ot 1 g0 10 b
it ToRoM o 1,2 A. OaeRTpollible nyMisim 1la TICIOLeM pazpage paboTaioT
B reamn npu Jasaemt a0 3 top Gez udrpepemuannuoit otkanurn, Oddpen-
TIBIOCTE Tellepani dlexrponnoro myuka joctiirana 80%. 9tu peayavrats!
Ha NOPATOK BEJINYINIBL TIPEBOCXOMST
\NAPAKTEPHCTORIT paspsala ¢ ORI
narojoM. lla pune. 17 mpexacras-
Jgena otorpadiisi ¢BeYEHIST DICKT-
ponnoro uyura rorxom (0,5 A, noxy-
YOHNIOTO ¢ 1IOMOUILIY  DICKTPOIIoIl
HVUIEN na TaelonteM paspsgie. Couo-
MOULLIO JJasepHoil yeranoBKH, 10Ka-
sannoit va pue. I8, corpyanusu Po-
eyviaperaennoro yiunepeurera n Ro-
J0PA0 OCVIIeC FBIKTIE  TEHCPAILITo
W JA3CPe  HeNPCPULIRTIOTO  JICTiCTHIN
doaee ueM na S0 Hepexoax Bowil-
(dparpactoil 11 BHINMOIT 001ac1AX
CHERTPA 7 PasmIHBIN  O;UIOKPATI0
notmonavnnx arovon: e, 1, Cd,
Se, As, Zn o ke, T oaazepuoit vera-
nontie (eM. pue. IS) nyuor aaenipo-
Hon,  OGpAlOBAINILITL ¢ HOMANLI0
STCRTPOIIOH DVIIRIT 12 TaCminges
]'h'l'!p}l,'l(‘, JIOTTOISTC FCST A CHa TLELIN

P 170 Haavaenie o aJehTpontito o
v 600 AL ATy T unnro or e
]NIHHUI"I DY T TTeomes paped e
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Pue. 18, Cxesta moutioro dasepa ma Cd ¢ HARAYKOIE  HACKTPOHHLIM  nyutos  [74].

. Bxo0 Ons 203u
Fwo r'ng easa

' JAniuKka rapos
smemanna

anexmpomazrum
/
V77

Hazpesamens

Inexmponnasn
nywsa

HUomodHuk napos memaonna

Puc. 79, Hounsptil Jasep Ha Bapax MeTalL1a, BOIOYITReMbIL JIBYMS JJCKTPORHLIME 1IYY-
waMit [79].

MAVIHITHOIN 102eM JEBT heRTuBIore nordone st MolglocTi NeRTpatiloro
BYURA B rase, JUCKTPoNILe HYUHIKE ofIAA10T  YHIKUILIOH  0cofenoeting
O0CCHEUHBATL  CBOGOIBIIT OUTHMCCKNIT UYThL BIAoJdL oci. JTo NACT BO3MOH:-
HOCTEH COINIACOBATDL DACRTPOUULIL HYYOR, HOJVICUNBHT B I1asMennor odneMe,
€ COOTBETCTBYIOMUM 00LEMOM olTiUecKoro pesonatopa. Roudurypaus aa-
aepa na puc. 19 ananornuna wondmrypamiu na puc. 18, no » sroM cayuae
HCMOSILA0BANLL JIBE TIPOTHBONOIONN0 NANPABACHILIC NYIHEH, 4TO LO3BOJSCT
VBETIMIITL MOMIIOCTL QJACKTPOIIOro HyURd, HOIOUeHEVIo B e;utiine odLeMa,
a Tawme et Oodee opnopoauy maasmy. Ha jpaumoit yeranosrke Pokka n
APVTIE NOJAYYILHL MONUHOCTL Helpepbisioro Jdasepa 1,2 Br na nepexonax
Zoll ¢ =42 n 492,4 uw, soaby:x;1aa He—Zn-cyvecn, u moumoern 0,25 Br
pa nepexojie Hgll ¢ 2. = 6149 ny » cayuae He—llg-cyecn [79]. Dra mow-
HocTL Dolee ueM Da HOPSLIOR BBHIE MOUIIOCTeld, HoJyUeunblX ¢ 110MOILbIO
Ja3CPUB ¢ HOJBIM KATOOM T B HOJOKITEALIOM
c1oa0e. Pokka ¢ corpyanikaMn rakiie Bnepsbie

siger i O KB

s [T AL 5
o S HOJTY LI HeUPephisnyio  J1aszepuyio  renepaigtio
e B oBICUINMOM  Ulanasone  Moiocrsio >1 Bt ona
iouax napos metacia, Ha puoe. 20 nokasauo ns-
- Meneire MougHocTH aazepa na 6149 oy upo mo-
EA MCICHIL HapaMerpos paspiaa, B KOTOPOM reHe-
) * PHPYETCS DACHTPOHIBLITE LVUORK,
& . Ilo CHX HOP MbL CTPeMILIICE ipojieMoCTpit-
gt POBATH NPEHMYHIECTBA 210 HOBOI CXeMbl BO30Y k-
¢ AcHIBL B clueTeMax ¢ pepesapaznoii, paborato-
I . X B OBIGIIMOM  Jtanasoie  cuentpa.  Moskuo
ﬁ"' ! 0:ILIaTH, MTo  Hojdoduble  npenmyulectsa  OyIyT
p peactizosaunt 1 Lt Y(-nepexona, no ocucremax
. . tuna Ne—Cu n lle—Ag o710 coctannr ony na
/ nedaeii Gyayuieit padoTol.
ol N P ;J /“u('. 20. Buixojinast  MOOIHOCTH Jadepa Ha nepexone
o . o e OEAD ma gl st dyiknas paspsagoro Toka u wanpa-
o oo ACHIA B FCHEOPITOPE WICKTPOHUHOTO HYq1a;
. 11‘/ " '”"y o A cpeaiee lanieyme MM g ARTHRHON cpeae 1.6 'rlop_ MaryuTioe
TR L noite 3.2 ki'c, Tesucpatypa pesepuyapa ¢ Hg 120°C {79].
16
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(0 NOMOIILIO CHCTEM ¢ MCPe3apsaaroil upm BO30YKICHIUIT DJIEKTDOIIBIM
HYHUKOM MO:EHO ¢o3ath Bhicokoudrpesniipunie penpepoisusie YU-gazepst npi
yCIOBILI, UTO:

a) Goapman wacte Mougnoctn paspaga (mo 80%) maer Ha odpasonanue
QTEKTPOIHOB [IYYKa BBICOKOIT JUCPTIHIL;

6) vaerrpount nyuka oQ@enTinno co3ioT HONBL GIATOPOINOro rala;

B) GOJILUIAA MACTL ONEPTHI, HaKONJCHNO[I B loHAX HUEPTHOrO Tasa,
MOIRCT COMCKTIBIO HePETaBATLCS 11a BCPXIIE Jasepinie YPORHI 110CPeICTBOM
TCIWIOBOLL  Hepesaps ikl ¢ odenh  OoIbIDHM  NOUCPedNBIM  cevellieM
(>10-" car’);

r) cucrempt tiua Ne—Cu* n le—Agt umewor Goabmyid KBauTOBYIN
afrpertusuoets (24 1w 209% coorseTeTneitio) 1A 1nepexoos B 001acTi CHEKT-
pa A & 250,0 n.

FUPOLLCNHTIBIT PACUCT TOKAIBIBACT, MTO JUIA CHCTEM € HePe3apsiikoil opi
HENPePBIRIOIl HAKIKE DTERTPONNDIM IYUKROM 0KIIACTCS e RTUBHOCTE Mo-
paara 1%.

Sawanouenne. JIpyxsapsyuisie nounl NOCPTHOTO Tazd ARIAOICA B HA-
CTOSIee  BpeMst HAndosiee MONHBIM  LCTOMIMIKOM  KOTCPEHTIIOT0 3y Uelis
B VabtpaduiotetTosoit otmactie cnentpa. Hpir orospeseinnoit renepaiunm Ha
Ay s Arllb 351, 0 u S0A.8 na JloeThrayTa BRIXOHAsT HenpepLiinasn
smonmtocrs 61 Br. Hoayuena aasepuast renepaiusa s BYWd -o61actin na Mno-
POZAPHANBIN NOHAX HUCPTHOLO Tasa, HO ML B uMUyJInenoy pessnye. le-
nodb3oBatiie paipsila B [0T0M RaToe B CMCCI NApOB MET{LIQ L HACPTHOTO
1232 NO3BOTIT0 PACLIPUTH CHERTPAILHBNT JUIAMAS0H, B KOTOPOM IOJIYV'elHa
HONPEPRIBIAS ICHCPALUL], B KOPOTKOBOINOBYIO CTOPONY 1I LOHNUZNTH OPOTH-
sblii Tor. Bepxmire ftasepusie yposml nonos Metaqia B OTHX Jajepax cedck-
THBHO BO3OYIETANCL B PeaklIBIX Nepelapsjisil ¢ HoMaMi IepTHoro rada.

} nacrosmiee BpeM: caMoil KOPOTKOBOJATIOBOIL AIANCIT HeNpepsIBIOro yiInLTpa-

notetonoro dazepa siwsierest A == 2242 ny Agll-nasepa, uaiiicnmas B cMe-
et He—Ag B paspsite ¢ pacublIionIIMeS 1OIBIM KATOOM.

Penepaist B Y-odaaetit Momer OuiThb nodyueHa Tak:ke Ia 1onax B
PCROMOIHIPY IOIeil ITMe, Ho B HACTOANCe BPeMSl TOALKO ‘B IMNYTLCIIOM
pessmme,  llpuseitetiie DaCRTPONHOTO HIYUMRA THOCTOSHIONO TOKA 103BOJAACT
veeIunT, Golee ueM Ha HOPSLIOK MARCHMAILUYIO BBHIXOJHYIO MOU(HOCTH B
Jasepax na mapax Metauia ¢ nepesapsiinoit, QsRiaercs, uTo HToT 1OBBIE
MENAIIBM POSOYSRACHISL JIACT BOAMOIKHOCTE YBEIMUTL MOU{ocTh 1 addek-
THBUOCTL YABTPAPIOICTOBEIX BOHNBIN JAZCPOB N, Hapax MCTaLIa 11 Pacii-

PUOTE (X TIANA3B0N 10 BAKYVYMHOIO Y. Ib1 l)il(l)ll(l.’lL‘T(l.
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HONHDBIE JIA3EPBL HA HAPAX METALTOB
C HOHEPEUHDLINIT TIHIAMIT PA3PHLA

Beewenue, 1 anney o030pe PAcCMarpiRdorcs  Jadephl, 0OTHOCANINICST
BOON PO PIBHEOHIEMYEA BSOS Yol BOARIACeY oDuiipiome 1aeen
Casopaspuibiy clasepon na napax Meracson [He Henoduionanne npoiosn-
olo TReoliero B0 YLoBoro) paspsita I BosdyIenisg Hepexoton i
SOAREPHLIN O X 0SB0 SHATHTETIBHO  DACHIPHTL  1adop [Unul wodit,
CHPIPY MBI GASEPRVIT T Hapax MeTiLion B BILuioii, vantpaguioseonoi
GOOSEEeE b PARPactoil 004aCTHX CHeRTHA B HMUNTLCHoM 11, U0 0cohen-
o BGLTIO, B HCHPEPLIBHGN PESRIVAx Baayaenis. Q/aio ol pannnennocssn
Lo oDl THLRBEN B HPLHIO BN JUBE BP@cFIe Jasepos ¢ HPoo i

ST CEIMVTIDORATA NOHCRE ApYInY Godee adelermipin o enocodon noa-
DU HORBN BONHDIX Hepexo 108, Pesyinratos Takuy padeTt oogrnsoch
o LTHIe CECICPDE © TTONCRESTTBIAL BITHANIE Pdpiil — s lod B 1o 1o
canode SPHTC 10 nonepentnsn speorotacioriny patpeitoa (HBUPY, Boa
SUICITC anTHEnoi epedtnt (R Ipasicio, eXeen Gy et o HepTHoTo 1.
AELADROE MU OCVICCT R ECH B TAROM JA30 D0 1O TeRTRMCeR0M  Fovde,
SN s Boiopolo HEDUCH RN PO 0L TIMCCR0IE ocn Jasepa, 1 Tijo-
cexoqny con asepor ¢ PHE o eaadonomsoraniedi imaane omniia e nnoro
coctenign, w e nerepono o FERYP Boofaaerie no ceolietianr Gonmnoi i
gt teiony coeneinno (O Hocae uiee 11 onpeieanor exoaetso Na-
o el PN ABVX TirioR padprita i BOINOLERIN  tapaMeipon JTasepon,
SN HCHOALIN 0NN,

DBiepaie Tenepaingn boaasepe ¢ PHIV poayuena s aioxapnux niejie-
Clan o or (DN OB darent DL0 Ve raliok e o, Mg tonepenuptiio pas-
LU Gt T iee bR e e JLE monnnIy nepexoion, Bonacronneny
Srevettn denepann nodacepax ¢ PHIC o HBYE wadmoaanacn Gooee yew
oo et sy 20 enan Thepunndin \eraiiaMsin, ant Bapu ne o Laona e’
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REPRODUCED AT GOVERNMENT £XPENSE

18, o uneao dazepunx wepexojos s onnx — 239w Oplilo maiiieno, uTo Bo3-
Ovircenne 1 OU waitdeiace sdihertnnio HpouexonT Wi TeX Houubnx nepe-
NeLlois Hapos Meladidon, m-p_\nnc Yposln ROTOPLIN  3ace’BnNoTes y,'lilpﬂ.\“l
2ero po.tiy ipnu CraoJtitoeinx ATOMORB MOTNLL ¢ HottaMpe 10g lG()iiG)’}l(-
ST LN ATONANMIT nuepruoro rasa (['(‘ill\'llllll Il(‘l)(‘.iil]))l,’ll(ll e -
hpoiece ('()()l'l’-(‘l'('lIH‘HIH)),

Heedeomnnsg HOWILIX Jasepo 1a Hapax MCTULION ¢ HOHePeunLIM pas-
PECAGAL CVIRECTHEH IO PACHIIPLAN nadup NN BN IERYSest razopaspsii-
HEIN Q3CPOE I BUO0Iee BUKULX (U BPARTHRI O0JacTHN CHUKTPa = BIT-
song i V(D ¢ vownocTLo naayuenst Ha oTeabielx Jutuuax jo 1 Br b
HCHPUPLIEITON. 11 HMIVILCHO-TEPHO;UTMECKOM  PURIMAX; TS K Cod a0
CPABHUTEABIO HPOCTHIX 110 KOHCTPYRIITT HCHPCPHIBIBIX J143¢PO1B MILTIIBAT-
THOLO VPORUSE MOUHOCTH Tenepaigtt na Y- nunpIx B anasone U o
0220002 aps. Kpose Tore, B asepe JL@HIONO THIA HOJYHeno Jiyyenie
TPON OCHOBHBIN IBCTOR — CHIECTO, 3CICHOIG 1T KPACloro, Jloulitx Jeawlii cper.
11yl na sy aToMapHbIX HOHOB, DTIL Ja3epbl 00da, 10T Y3RUMIL JHI-
wisir renepatnn (nopscika 10°—10° '), a tarske nyewr BecnLMa NUBKUIL
VPORCHL "HIVMOB 1LY UCHHSE, CBB3QHIBIE € BOBOYHLICIICM X aRTHBUBIX CPeY
v OC paspseta [12, 13)

Hinke npiciienst ocnoBuble pesyianLTaTul uccaeosaunii jasepon ¢ PITIW
i HBYDP, padotaionuix Kak s HOHPCPBLIBHOM 1T KBAJIIENPEePLIBIOM POHIIMAX,
Tulk I B pPeKIMe BO3DVHIENs MUKPOCCRYILUBIMIT HMDYILCaMii; PaccMoTpe-
HBL OCOOCHITOCTID BOSOYALICHI 11 cnoco0Bl COBIANNS NAPOB  META LI, ONII-
CAlLl KOUCTPYRIINT ARTHUBHLIX DACMCHTOBR Jasepos. Uctlostioe BOIMaie, o3-
HAKO, VACTEHD DHCPIOTHYCCKIM NapPAKTEPHCTIRAM BRIXOIOFO 114GV CTHIS,

1. Jlagepw ¢ paspajom » moaom rarojie. Houew awrusunix cpex pas
A2sepoB Ha HApaX MeTULIOR COHPOBOMIAACH HEUPePLIBHLIM 1OHCKOM Nait-
Godee aUDURTIRIOIO 118 Kasioro MeTaiIa ciocotia co3 st neadxouoro
Aakeuist ero napos, 3orada, 1o Radiolo MeTacRTa, i HoBHBIN Hepe-
AN KoTapoio hatvhiojadach tenepanns 8 tasepax ¢ PHRI, npneeena res-
Hepa Ve, COOrReTeTBY o astenine nacsugaionx napos (L1 Top, ontu-
M TLHOMY LUl OGILINNCT R Jasepon © Holepedtibiyn toiasin paspsiia [,

Sl ey pengeerr, waw e, Cd, Zo, 1LoSe, As, THu 10, 8 doan-
tie roe. HRCHepuNMenTon HCHoOJIL30BAINCS Ililllr)().'l(‘(? H[l()CT()“ MeTO L — Helta-
petite tnotomina) peneersa npn ero parpese [3,4, 6—=22) Tun Cu, Ag,
Aa, AL Ni, S, padoune TesMnepatypot otopnix upestiaet H00°C, a rac-
e st Phoandodee DPOCTLIM ORA3AT0Ch USFOTORICHIE RAaToda #3 padbouero
BONLCCTEA Tasepa it HpIMenenie kato;uoro pacnstienust [3, 6, 33—471. Cun-
JRCHe  panoiteil TeMUeDATYPhL IoCTHIATOCH TAK/AKe 1101G0pOM  XIIMINICCHOTO
COC.UHPIID, B COCTaB KOTOPOro BNOIAT ATOMBE JIAHIIOF0 METIVLIA 1T IIMClo-
HICTo MUHBINIV:O  TOMUCPATYVpY  HCapeniis, ¢ [ocdeyiomeil  ucconnanneil
aToro coeuinemst topaapsie (26, 48).

B orana 2 ot aazepon e PPHIC npusesenst ananazon junnt BocHr 1
MUC0 BOIIBIN THIE Tedepatitl PasiimibiX Metamon, OTMCTHM, 4TO To-
nepars 1 P nadmoladacn Tamse HA ORPBIX Ilepexojlax aprona, kpini-
Tona i keciona (1 no ce xapanrepieriinn (YIeanuast MOHHOCTD 1y ic-
st penaceiennbii KooQduuuent yemTenst i ipyrie) 3uaunTesnio yery-
HAOT NapalTePHCTHEAM AYHUINN Jfasepos na uapax Metamion. [eneparus,
B4 HCRTIONEHIEM JOTHIPeN HePpeNo(oB B KUDHUTL T IUIHRE, HPOHCNOUIT TOMLKO
B eMecit OVepHBLL THOPTHLHL ra3 — Hapul MeTal1a, JTO CBA3ANO C TeM, UTo
Gyvdepuntii ras BROoAnACT nectoanko Qynrini. Bo-nepanix, Boadyaienne
nojapigiouiero OOJLIIANCTRA HePEXOI0B OCYHIECTRISICTCA B UpPolecce nepe-
AU HHeprIr 1o3apaa aToMaM MeTARIA 0T HOIOR rasa, T. e. HYTCeM Taw
HaspiBaeMoil nepesonatcioii nepesapsirin. Octatnunie ske mepexoinr — 320

Tabauma 1

Teuneparypa ( C). cooTeTeTRYIOMASA lasachiio napos 0.1 Top
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CW Laser Action in Atomic Fluorine

J.J.ROCCA.J. D. MEYER, B. G. PIHLSTROM, anD G. J. COLLINS

Abstract -We have obtained CW laser action on four transitions in the
doublet system of atomic fluorine for the first time. All previously
reported laser action was on a pulsed basis only. CW laser radiation was
obtained when F; or AgF was used as a fluorine donor in an electron
beam pumped helium plasma. A multiline output power of 200 mW
was obtained.

FVERAL authors [1]-]6] have previously reported pulsed
Sluscr action m atomie fluorine.  Kovaes and Uliree (1]
obtained 1-2 ps Taser pulses on the 7037571279 and 72024
A lines of atomic luorine i either Clg. Sk or Co by and
helium nustures. The Tower Taser levels (352 P) are relatively
depopulated vig allowed resomant transitions and they con-

Manusorpt socenad November 210 1983 revised Foebruary 90 FOKYL
Phic work wav sapported by the Nanonal Saence T oundation and s
part ot ot protect berween Colorado State University and Spectrg
Physios Mountun View (A

The aathors are wath the Depaptment ot Dlectrical T ngineening,

Coloradoa State Unpverars Taort Collins, €O 80521

cluded that radiation trapping of the lower level via reabsorp-
tion of the 955 and 956 A resonant radiation limited the laser
pulse length. Jetfers and Wiswall (2] obtained quasi-CW laser
pulses, 2(0Pus long. in a He-HE discharge. They reported that
the trapping of the resonant radiation was not a limiting factor
i their experiment due to the existence of a second lower laser
level de-excitation process involving the atomic H produced in
the dissociation of HE via the reaction F(3s2P)+ Hn=1) -
F(2p® 217) + Hn = S) + AL, However. their laser operated in
the afterglow of the discharge pulse, precluding CW operation.
More recently, Crane and Verdeyen [3) reported 80 us long
laser pulses using a hollow cathode discharge. In this case the
premature termmation of the laser pulse with respect to the
excitation pulse was suggested to be due to the depletion of
the fluorine donor.

We report CW laser action on the 7037.5, 7127.9, 7202.4,
and 7800.2 A laser transitions of atomic fluorine using a de¢
clectron beam to excite cither He-F, or He-Agl gas mixtures.
The laser setup empolyed in this experiment was similar to the

0018-9197/84/0600-0625501.00 © 1984 IEEL
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one we prevtoms)y used to obtain CW laser action in several
singly aoenized species, and has been described in previous
publications 7] A mululine CW output power of 200 mW
was ohtamed g He-F, gas mixture at partial pressures of
Fororr and 35 mton, respectively. This maximum output
power was obtamed at an electron beam discharge current of
12 A an electron beam energy of 2 keV, and with an axial
maenetic hield ot 3.2 kG The magnene field was used to help
contine the electron heant in the active region. Fig. 1 shows
the vanation ol the faser output power with electron beam
discharge current an g He-F, mixture. CW laser action was
also obtained usig Agh as a fluonine donor, when a reservoir
containing Agk connected to the plasma tube was heated above
S00°C. Laser action was obtained when helium was used as a
butter gas. as it was in all the cases in which pulsed laser action
was previously reported [1]-[6]. When neon was used as a
butter gas, faser action was not obtained. However, the addi-
tion of only 50 mtorr of He to a 0.3 torr Ne buffer gas dis-
charge resulted in CW fluorine laser oscillation. This indicates
that helium plays an important role in the excitation mechanism
of the upper laser levels.

Observation ot the laser output with a 0.5 m spectrometer
showed that oscillation can oceur at two frequencies displaced
with respect to the line center of the atomic spontaneous
emission.  Fig. 2 shows the spectrum of the 7127.9 A laser line
tor three partial pressures of F,. This splitting of the laser lines
1s attributed to very different velocity distributions ot the
atomic fluorine in the upper (3p?P) and lower (352 P) levels.
The velocity distribution ot the upper laser levels can be sub-
stantially broadened if these levels are excited by a process with
an energy surplus, in which the energy difference is balanced
by a gain in the kinetic energy of the atoms involved. The
velocity distribution of the atoms in the lower laser levels is
narrower as a result of the imprisonment of resonant radiation
and subsequent lengthening of the ctfective lifetime. When
the pressure of F, is reduced, the density of atomic fluorine in
the ground state decreases and the trapping of the resonant
radration hecomes less severe, increasing the gain at line center.

WAVELENGTH (R)

Lig 2. Spectrum ot the 71279 A laser output tor three |y partial
pressures. Helium balance to a toral average pressure ot 1.9 torr.

L
78002 &

703754

SPONTANEOUS EMISSION ( Reigtive Units }

0 250 500 750 1000 1250
ELECTRON BEAM DISCHARGE CURRENT (mA)

I'ig. 3. Variation of the spontancous emission of the 7037 S und 78002
A atomic fluorine laser transitions as a function ot clectron beam
discharge current. He and 155 partiol pressures 1.9 torr and 35 mtorr,
respectively.

in agreement with Fig. 2. This characteristic of the spectral
distribution of the laser light has been previously observed in
the 8446 A Ar-O, laser (8]-[10]. In this laser, the velocity
distribution of the atoms in the 3p*PS 4 levels is broadened
due to excitation involving collisions of the second kind be-
tween O, and Ar* which have surplus energy. The gain profile
is also split asa consequence of radiation trapping which occurs
at line center on the strong resonant line at 1300 \ connecting
the lower laser level with O 1 ground state.

Fig. 3 shows the variation of the spontancous emission of
two laser transitions as a function of the electron beam dis-
charge current.  The spontancous emission shows a lincar

' .
i, .

N R

i

)
*

ST SR NSEON

.

. . }
. - . . ‘i B
Q. ... 0. ... % . _ 8

PR N

1

s

N




v
-

™YY

P Y
-

FEFE JOURNAL OF QUANTUM FLECTRONICS, VOL. Q1 20, NO

dependence on the current as does the laser output power.
indicating an excitation mechanism requiry o single electron
collision.,
reactions (1) and (2), m which the helium meiastable v as-
sumed to be pumped by ditect election impact (3) are “single

The dissociative excitation processes indicated i

step™ mechanisms

Hot238)+ By == F*+ F 4 Hetlv) + A/ (1
He(23S)+ Agl - 1%+ Ag + Hetly) + Af ()
¢+ Hetly) = He(2 8y + ¢ 13

Reactions (1) and (1) have o surplus energy AF ot 307 and
.o eV, respectively. Notice that in dissocuative excitation a
cose enerpetic resonance  discrepancy is not required tor
etficient trunster [11].
ancy in the dissociative collision ot Ar* and O, in the atomic
oxygen laser operating at 8446 Ais 2 eV {12)0 [13]. The
exeess enerey must. however, be carried off as kKinetie en-
crgy by the products of the reaction.  This super thermal
velocity distrihution is consistent with the split line protile ot
the taser lines observed experimentally.  The belium excited
state is indicated us the 228 state because this is the most
abundantly populated level in an electron beam excited nega-
tive glow helium discharge [14]. The He(2'S) metastable is
efficiently destroved by superelastic collisions with electrons
and is converted to the He(235) metastable.
and other excited states of helium can alsuo contribute to (1)
and (2). Notice that the metastable atoms of Ne do not have
enough cnergy to satisty (2). This also comistent with our
experimentil obhservation that no laser action is obtained with
Ne as a butter gas.

Another possible excitation mechanism involving helium
metastable levels is

For example. the energy disciep-

However. this

He(23$) + I, = FF+ F + He(ls) + ¢ (4
tollowed by three-body electron recombination

e R (5)
This mechanism, however. would not cause a difference in the
velocrty distribution of the laser levels since in (4) mest of the
excess energy would be taken by the resulting electron.

Other possible mechanisms exciting the upper laser levels are

two-hody ion-ion recombination reactions such as

He® + F7 —1* + He + AF (0}
He® ¢ F- = F*+ He+ o + AL (7
He + FD = FT + He + ¢+ AF (8)

where (7) and (8) are tollowed by three-body electron recoms-
hiation. Muler and Morgner [11] predict Large cross sections
tor (6) and (7). Notice, however, that this process requires at
feast two electrons to create the reactant ons since one elec-
tron is required in the dissociative attachment (or attachment)
process and another in tonizing He.  Consequently, it is not
consistent with our observation of a hinear increase i the
Reactions of pegative
thuorine 1ons with Ne iois wonld also be allowed trom an

spoitancons emission with current,

encreetic point ot view

6,

hd Dt v B .

SUNL 19584 627

Reaction (1) seeimy o be the most tkely excitation mechanism
of the He-Fy Taser. The production rate of metastable atoms
i our electron beam discharge has been calculated to be sufti-
sent to provide the needed pumping rate, through (1), for the
measured 0.2 Wolaser vutput power. However. when Ar was
added 1o the plasma with a 2 torr He-F, mixture in an Ar:F,
proportion of up to 3:1. with the purpose of quenching the
heltim metastables, the electron beam current necessary 1o
achieve the threshold for laser action increased by only M0
percent. This is not sutficient. however, to rule out (1} as the
myjor excitation mechanisin since the cross section for quench-
ing helium metastables by F,. which is not available in the
Lrerature. could he several times larger than the vne (oire.
sponding to He*-Ar collisions, which is S.3 A [15] L
example. the cross section © quenching He(2*S) by SE,. was
measured to be 206 A% {15]. Clearly. a maore detailed studs
Is necessary to determine the dominant excitation mechamsms
of the CW clectron beam pumped HJuorine laser.

Finally . we observed CW laser action on the ~4346 A line ot
atomic oxyeen eaciting o He-O, nuxrure with o Jdo elecuon
beam ap the samie expenmental setup. CW faser action was also
ohtamed when the electron beam was used to excite pure oxy-
gen gas. The outpur power on this transition was. however,
only T mW using totally retlecting mirors

Sumimarizing, we have obtaned CW laser action on the red
This was obtamned
using b, or Agk as a fluonne donorin an eiectron beamevented

fines ot atomic tluonine tor the tast ume,

helium plasma. - A collisional excitation reaction with an eneigy
surplus populates the upper laser level, causing a ditference in
the velocity distribution of the atoms in the upper and lowes
laser levels.  This avoids the self-termmation ot the laser output
caused by trapping of the lower state resonant radiation ob-
served 1n previous studies.  Direct current electron beams are
thereby demonstrated to he a suitable method to excite CW
atomic lasers.
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Glow-discharge-created electron beams: Cathode materials, electron gun

designs, and technological applications

J. J. Rocea, J. D. Meyer, M. R. Farrell, and G. J. Collins
Department of Electrical Engineering, Colorado State University, Fort Collins, Colorado 80523

(Received 21 July 1983; accepted for publication 4 October 1983)

The operating characteristics of glow-discharge-created electron beams are discussed. Ten
different cathode materials are compared with regard to maximum electron beam current
achieved and the beam generation efficiency as measured calorimetrically. Specific electron gun
designs are presented for a variety of applications that include: cw ion laser excitation; electron
beam assisted chemical vapor deposition of microelectronic films; and wide area annealing of ion-
implantation damage to silicon substrates. The use of sintered metal-ceramic (e.g., Mo-Al,0,)
cathodes to generate multikilowatt electron beams in a pure noble gas discharge is reported.
Cathode materials with high secondary electron emission coefficients by ion bombardment allow
for electron beam production in glow discharges at 50%-80% generation efficiency values.

). INTRODUCTION

The most common way of producing high voltage di-
rect current electron beams involves thermionic electron
emission and subsequent acceleration at background pres-
sures below 10 * Torr. Consequently, the use of complex
differential pumping systems is usually required in any at-
tempt to inject this vacuum generated electron beam into an
experimental chamber containing gases at pressures in ex-
cess of 1 Torr.

This paper summarizes our work in direct plasma gen-
eration of kilovolt electron beams in a 10 ' to 3.0-Torr am-
bient using a glow discharge and secondary electron emis-
sion from a cold cathode. In the past, glow discharge
electron beams have been used in material processing, weld-
ing, melting, and heat treatment. This previous work was
discussed by Dugdale' and Boring® as well as by Hurley."
More recently, new technologies such as the excitation** of
cw ion lasers, the deposition of thin microelectronic films,”
and electron beam annealing of ion-implantation damage'’
have also required direct current electron beams operating in
ambient pressures of 1 Torr. In this paper we present glow
discharge electron guns designed especially for these three
new purposes as well as electron beam discharge /-¥ charac-
teristics as a function of pressure and electron beamn genera-
tion efficiency. Different cathode materials are compared
and the use of sintered refractory metal-ceramic oxide cath-
ode materials is reported. Finally, we briefly discuss new
applications of glow discharge electron beams.

. GLOW DISCHARGE ELECTRON GUNS AND THEIR
OPERATION

Glow discharge electron guns can be divided into two
groups: “‘hollow cathode™ or internal plasma electron gener-
ation types and “‘front face emission™ or secondary electron
emission types. Figure 1{a) shows a hollow cathode glow dis-
charge electron gun which we have designed for the excita-
tion of cw lasers.'! In this type of electron gun, the plasma
that develops inside the hollow cathode acts as a source of
electrons for the electron beam. Electrons emitted by the
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internal walls of the cathode (following bombardment by
ions, fast neutrals, and photons) are accelerated through an
internal voltage drop of several hundred volts. These elec-
trons are electrostatically trapped inside the hollow cathode
and lose most of their energy in exciting and ionizing colli-
sions that sustain the internal plasma. The majority of the
discharge voltage drop, however, occurs in the external cath-
ode dark space region shown in Fig. 1(a). This external dark
space presents a voltage drop of several kilovolts to the elec-
trons which emerge from the hollow cathode plasma, there-
by forming the electron beam. Hollow cathode electron guns
have two modes of operation. One mode is a high impedance
one in which the electron beam is produced, and the other is
a low impedance mode where no electron beam is produced.
Operation in the beam mode occurs over a limited range of
current and pressure.'"'> When these two parameters are

DARK SPACE

- HV sz
!
ELECTRON BEAM

HOLLOW CATHODE
(a)

DARK SPACE

CATHOOE
(b)

FIG. 1. Schematic repesentation of glow discharge electron guns. {a) Hol-
low cathode clectron gun. (b} Front face secondary emission cold cathode
electron gun
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not properly chosen the extenal dark space vanishes, pro-
duction of the electron beam ceases, and the discharge then
operates in the low impedance mode In this mode the cath-
ode operates as a regular hollow cathode,' " where the vol-
tage drop1s a few hundred volis and a positive column oceu-
pres the distance between clectrodes. This low impedanc:
mode of operation prevents electron beam production. In-
stablities in the discharge can switch the discharge from the
electron beam mode to the low impedance mode, and this is
undesirable for stable operation of the clectron gun. We
brietly discuss below hollow cathode electron guns operat. ig
inthe 100 7~ to 1-Torr pressure region

T'he pressure Poat which a hollow cathode electron gun
will operate in the high impedance, electron beam mode, 1s
determined by the internal cathode diameter D. Consequent-
ly, the scaling gas discharge law PD — C can be used to guide
the design of these electron guns.'” where C 18 a constant
dependent upon both the nature of the gas and the cathode
surface. Using a 4.7-mm cathode hole diameter, we were
able to operate hollow cathode electron guns in the beam
mode at pressures up to 1.4 Torr in hehium and 0.4 Torr in
argon. We obtained electron beam generation at the 1-kW
power level at beam currents up to 0.1 A.'" We also obtained
“sheet electron beams™ 20-cm long and several milhimeters
wide by operating a transverse hollow cathode electron
gun.'” Beam generation efficiencies of 509:-70% are typical
for solid wall hollow cathode guns.'" It 1s noteworthy that
perforated wall hollow cathode guns have also been success-
fully operated.'*'* The cathode wall in this latter case is
constructed of metallic mesh. These mesh electron guns are
very simple; however, their operating efficiency is consider-
ably lower, typically 20% to 30%. We will emphasize in the
remainder of this paper “front face secondary emission”
electron guns. Such devices can operate at higher pressures
and provide larger electron beam currents with higher oper-
ating efficiency. For a more complete discussion of hollow
cathode electron guns, see Refs. 2, 11, and 12.

Figure 1{b) shows a “front face secondary emission”
type of electron gun. In this case, electron emission from the
cathode wall is produced following bombardment of the
cathode surface both by ions and by fast neutrals created by
resonant charge transfer in the cathode sheath. The secon-
dary electrons produced at the cathode surface are acceler-
ated along the electric field lines through the cathode dark
space to form a well-collimated electron beam. This is clear-
ly shown in Fig. 2 where the electron-beam-created plasma is
visible. The cathode face was made concave to focus the elec-
tron beam electrostatically. To confine the emission to the
cathode front face, all other cathode surfaces were shielded.
In contrast with hollow cathode electron guns, secondary
emission electron guns present only one mode of operation
and, hence, represent a considerable practical advantage for
stable electron beam production. Secondary emission elec-
tron guns can opcrate at slightly higher pressures (0.1-3
Torr) than the hollow cathode guns. Operation at even high-
er pressures 1s also possible, however, the electron beam be-
comes poorly collimated as the gas density increases.

A cathode material with a high secondary electron
emission coefficient by 1on bombardment 3 1s required for

791 J Appl Phys Vol 56.No 3. 1 August 1984

FIG 2 Electron beam plasma formed by a front face secondary emission
clectron gun

efficient electron production using cold cathodes. Cathodes
with a low sputtering yield are also required for prolonged
cathode lifetime. In the next section we compare the results
of beam generation using various cathode materials. The
best cathode materials possess both a high secondary emis-
ion coefficient and a low sputtering yield.

IIl. EFFECT OF CATHODE MATERIALS ON BEAM
GENERATION

We constructed cathodes of 10 different materials.
Each cathode was 3.1 cm in diameter with a 6-cm radius of
curvature concave front face. The cathodes were surrounded
by an insulating ceramic tube to confine the emission solely
to the cathode front face. The distance between the cathode
shield and the cathode was approximately 1 mm.

Table I lists the cathode matenials tested, the maximum
electron beam discharge current obtained, and the relative
sputtering erosion of that cathode material. Cathode sput-
tering was evaluated only qualitatively by comparing the
state of the cathode surface before and after a discharge and
by observing the spontaneous emission from cathode materi-
al species in the glow discharge just in front of the cathode.
In the case of materials with a high sputtering yield, the
characteristic spectral lies of the cathode materials are
strong in the emission spectrum while low sputtering yield
cathode materials had weak spectra. The first five matenials
listed in Table I are both good sources of secondary electrons
and at the same time have a low sputtering yield. Conse-
quently, they are judged to be good cathode materials. Well-
collimated multikilowatt dc electron beams have been ob-
tained with all five of these cathodes. Graphite has the lowest
sputtering yield but a low secondary electron emission coef-
ficient, y, and can be used when small (0.1 A) electron beam
discharge currents are sufficient. The last five materials list-
ed in Table | are considered poor glow discharge cathode
materials. For example, copper beryilium has a high secon-
dary electron emission coefficient by ion bombardment
(3 - 2 for 3-keV ions),'" but unfortunately a high sputtering
rate of cathode materials is observed. Thus. while it is possi-
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TABLE 1. Charactenistics of glow discharge electron gun cathode matenials.

Maximum
current (A)
Cathode matenal Composition {3.1-cm-diam cathode) Sputtening
1. Aluminum coated with a 1.2 fow
thin oxide layer
2. Magnesium coated with a 1.2 low
thin oxide layer
3. Lanthanum hexaborate 0.8 acceptable
4. Sintered 50-50% by weight 1.0 acceptable
Molybdenum-Al,0,
5. Sintered 50-50% by weight 0.6 acceptable
Molybdenum-MgO
6. Graphite 0.1 low
7. Copper 0.05 very high
8. Copper-beryllium 98-2% 0.05 very high
9. Stainless steel 0.05 high
10. Molybdenum 0.05 high

ble to increase the current of the glow discharge, the rapid
destruction of the cathode is enhanced by sputtering. Even at
small discharge currents, a green cloud is visually observed
in the vicinity of the cathode. Current values below 0.05 A
for the maximum discharge current in Table I have little
significance because a well-defined electron beam is not ob-
served. Similar behavior is observed when stainless steel and
molybdenum are used as cathode materials. These materials
are also poor electron emitters following ion bombardment.
Again, in both cases it is possible to observe with the eye a
distinctive colored emission characteristic of the sputtered
cathode material.

Next, we will discuss in more detail the characteristics
of electron beam production with the five cathode materials
considered practical. These will be discussed in three groups:
aluminum and magnesium; lanthanum hexaborate; and sin-
tered ceramic-metal composites.

A. Aluminum and magnesium cathodes with oxide
coatings

Both aluminum and magnesium have strongly adher-
ent native oxide layers. When covered by a thin oxide layer
these cathode maternials are excellent emitters of secondary
electrons by ion bombardment. possessing a secondary emis-
ston coefficient nearly 10 times greater than that of the pure
metals. These oxide coatings are also highly resistant to sput-
tering. However. when operated in a pure noble gas atmo-
sphere at high current densities (100 mA/cm?), energetic
ions and neutral atoms which impinge on the cathode sur-
face soon sputter off the native oxide laver. When this coat-
ing is removed, the secondary electron emisstvity of the cath-
ode drops nearly an order of magmitude and the material of
the cathode itself starts to rapidly sputter into the discharge.
This transition can be seen by the eye as a change of color in
the light emitted from the discharge region close to the cath-
ode. It is possible, however, to maintain a stable oxide layer
by adding a few millitorr of O, into the discharge. In this
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way, the cathode oxide layer is continuously restored via
plasma-induced oxidation and we observed no change in the
emission characteristics after 10 h of operation at high {100
mA/cm’) current densities. The I-V characteristics of the
electron beam glow discharge with an aluminum cathode 3.1
cm in diameter covered by a thin Al.O, film are shown in
Fig. 3(a) with He pressure as a parameter. This figure shows
generation of electron beam discharge currents over 1 A
(cathode current density >0.15 A/cm”) and that discharge
powers up to 5 kW have been obtained. This figure also
shows that the impedance of the electron beam glow dis-
charge is significantly reduced when an axial magnetic field
{14 kG) is applied in the electron beam drift region. The
magnetic field increases the plasma density. and subsequent-
ly, the ion flux to the cathode, thereby enhancing secondary
electron emission from the cathode and lowering the dis-
charge impedance.

We performed calorimetric measurements to determine
the efficiency at which the electron beam is generated. A
copper calorimeter was situated 13 cm from the cathode
emitting surface. The calorimeter was supported only by a
thin wall stainless-steel tube of poor heat conductance to
ensure good thermal insulation. The temperature of the ca-
lorimeter was continuously measured with a thermocouple
and its variation with time plotted with an x-t chart recorder
The discharge current [ and voltage } of the glow discharge
were also monitored and recorded. The efficiency £, . with
which beam electrons are generated by the electron sun was
then calculated as

I yeir

I

where M is the mass of the calorimeter and C (7' his the speaif-
ic heat of copper. The results of these measurements for an
electron gun with an aluminum cathode 1n a He ambient
{with 20 mTorr of O.1 are shown i Fig. 3(bi. The electron
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FIG 3 ta B0 charactenstics o the aluminum cathode electron-beam dis-
charge in hehum with 20 mTorr of oxygen added to the discharge chamber.
Solid line- without magnetic field. Dashed line: operating the electron gun
13 cm from a solenowd producing a2 magnetic field of 3.2 kG. Fringing field
at the cathode front face 40 G. (b} Electron-beam generation efficiency as a
function of discharge current for an aluminum cathode. The He pressure in
Torr s shown 20 mTorr of oxygen was also added to the discharge
chamber

beam generation efficiency is observed to increase as the to-
tal pressure decreases and as the cathode current increases.
This is attributed to the increase of the secondary emission
coefficient as a function of the energy of the impinging
1ions.’” The energy of these ions and associated fast neutrals,
created by charge transfer, increases with the discharge vol-
tage.'* A maximum electron beam generation efficiency of
80% was measured at 0.5 Torr of helium and a beam current
of 0.65 A.

Magnesium covered with a thin oxide layer is also an
excellent emitter of secondary electrons following ion bom-
bardment. As in the case of aluminum, the oxide has a low
sputtering yield. Again, if the cathode is to be continuously
operated in pure noble gas environments at a high current
density (0.1 A/cm?), then a few millitorr of O, is needed to
compensate for erosion of the cathode oxide layer. We dis-
covered that electron guns with magnesium cathodes create
glow discharges with lower impedance than the ones ob-
tained with aluminum cathodes of the same geometry. We
have obtained electron beam discharge currents of 1.2 A at
an energy of 1.5 keV by operating a Mg electron gun with a
3.1-cm-diam cathode in | Torr of helium with 10 mTorr of
oxygen.

We have previously measured the energy spectrum of
the transmitted electron beam, created by a magnesium
cathode coated with a thin oxide layer, using an electrostatic
energy analyzer.'® Electron beam energy distributions were

793 J. Appl. Phys., Vol. 56, No 3. 1 August 1984

— a . et _at e w

measured at pressures between 0.15 and 0.8 Torr, currents
between 60 and 700 mA, and discharge voltages between 1
and 2.5 kV. The glow-discharge-generated electron beams
have an energy width at half-maximum of 100-300 eV.'°
The energy width was observed to decrease for all pressures
as the current was incremented. Also, at certain pressure-
current conditions the electron beam energy profile was ob-
served to degrade abruptly into a broad distribution. This
change was coincident with the sudden appearance of a plas-
ma region with a very intense luminosity and with the emis-
sion of intense microwave radiation. This phenomena was
attributed to the generation of plasma oscillations driven by
the electron beam and is treated in more detail elsewhere. '

B. Lathanum hexaborate

LaB, has been used in the past as a thermionic emit-
ter.?’ We have used LaB, as a cold cathode in glow discharge
electron guns. We observed that after exposure to the am-
bient atmosphere lathanum hexaborate is a good electron
emitter by ion bombardment alone. However, after oper-
ation in a pure noble gas atmophere, an increasing voltage
was needed to maintain a constant current. When a small
amount of O, (20 mTorrj was introduced into the discharge
the cathode rapidly recovered its electron emission. A thin
oxide coating is, as in the case of Al and Mg cathodes pre-
viously discussed, apparently of fundamental importance in
providing a high secondary electron emission coefficient, y.
The I-V characteristics of a 3.1-cm-diam LaB, cathode oper-
ating in a helium atmosphere with 20 mTorr of O, are shown
in Fig. 4(a). Well-collimated eiectron beam glow discharges
with discharge currents up to 0.8 A have been obtained. Ca-
lorimetric measurements of the electron beam production
efficiency are shown in Fig. 4(b). They indicate that electron
beam generation efficiencies up to 70% are obtainable with
LaB, cathodes in a helium atmosphere with a 20-mTorr par-
tial pressure of oxygen.

C. Sintered ceramic-metal cathodes

The need for O, in the plasma to achieve prolonged
operation of Al, Mg, and LaB,, cathodes can be undesirable
in some applications. For example, if the electron guns are to
be used for laser excitation, the presence of oxygen in the
laser active medium can in some cases interfere with the laser
excitation mechanisms. We have therefore developed cath-
ode materials which can operate in a pure noble gas atmo-
sphere without the need of a partial pressure of oxygen.

The materials are obtained by hot press sinterization of
molybdenum and aluminum oxide or molybdenum and
magnesium oxide particles 10um in diameter. This ceramic-
metal composite has unique cathode properties. The oxide
particles have a high secondary electron emission coefficient
while the molybdenum particles make the material a good
conductor of electricity enabling dc operation of the electron
beam. We experimented with several different ratios by
weight of Mo to oxide particles to find the optimum propor-
tions for beam generation. We found that in the case of Mo-
MgO, equal portions by weight worked well. This is equiva-
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FIG. 4. (a) V- characteristics of the
helium glow discharge obtained using
a 3.1-cm-diam, 6-cm-radius-of-curva-
ture lanthanum hexaborate cathode.
20 mTorr of oxygen was added to the
discharge chamber. (b} Electron-beam
generation efficiency as a function of
discharge current for the lanthanum
hexaborate electron gun. The He pres-
sure is in Torr. 20 mTorr of oxygen
was added to the discharge.

DISCHARGE VOLTAGE (kV)

lent to approximately 74% MgO and 26% Mo by volume.
Consequently, the ions bombarding the cathode surface
mostly impinge on the oxide particles, allowing for efficienct
electron beam production. Increasing the amount of MgO
results in an undesirable decrease of the electrical conductiv-
ity of the cathode preventing dc operation. In the Mo-Al,O,
sintered mixtures, equal portions by weight of 10-um-diam
particles give good results as cathode material. Figures 5(a)
and 5(b) show the V-I characteristics and electron beam pro-
duction efficiency of a glow discharge using a 3.1-cm-diam
Mo-MgO cathode operating in helium. These figures show
that electron beam discharge powers of 3 kW and discharge
currents up to 0.6 A have been obtained with these electron
guns at efficiencies up to 75%. Figure 6(a) shows the V-I
characteristics of a discharge using Mo-Al,Q, cathode, also
3.1 cmin diameter. In this case the maximum discharge cur-
rent obtained was 1 A. The electron beam generation effi-
ciencies as a function of current with helium pressure as pa-
rameter are shown in Fig. 6(b). Beam generation efficiencies
up to 75% were demonstrated.

In summary, both sintered ceramic-metal mixtures
constitute good cathode materials, producing multikilowatt
elecron beams in a pure helium atmosphere at efficiencies up
to 75%. The MgO-Mo cathode fractured after a 0.6-A dis-
charge, probably due to a poor thermal shock resistance.
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This prohibited tests at higher currents and explains why the
maximum current obtained with the MgO-Mo cathode was
smaller than with the Al,O,~Mo cathode.

IV. GLOW DISCHARGE ELECTRON GUN GEOMETRIES

Electron beams of tailored geometries can be realized
with iront face secondary emission glow discharge electron
guns. The geometry of the cathode face largely determines
the shape of the resulting electron beam. However, as dis-
cussed previously, the cathode material needs to have a high
secondary electron emission coefficient by ion bombard-
ment for efficient electron beam generation and a low sput-
tering yield for prolonged lifetime. If a multikilowatt dc elec-
tron beam is desired on a continuous basis, the cathode must
be water cooled. Usually we make the water-cooled body of
the cathode out of copper. and press fit the selected cathode
material into this cooled section. This two-pi=ce construc-
tion allows for efficient cooling of the porous cathodes made
of sintered materials. The entire cathode is completely sur-
rounded by an insulating shield that confines the secondary
emission to the unshielded cathode surface. The distance
between the insulating shield and the cathode is approxi-
mately | mm and is always less than an electron collision
mean free path. A grounded metallic shield has also been
used.

2 600l {a) 2 Torr ;

£ sool ! . FIG. S jar 327 characteristics of the
=3 9 helium glow discharge obtained using
@ 400} w 3 asintered MgQO (50% by weighti—Mo
§ ook z g concave cathode 3.1 ¢m in diameter
- z : and with a 6-cm radius of curvature.
g 200k g0 ithi Electron beam  generation effi-
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The primary application of glow discharge electron
guns in our work has been in the excitation of cw ion lasers.
Figure 7 shows the structure of an electron gun developed
for this purpose. The electron gun geometry (doughnut-like)
provides a clear 0.5-cm-diam optical path throughout the
axis. This permits one to easily match the electron-beam-
created plasma volume with the volume of an optical resona-
tor. To confine the emission to the cathode front face only,
the rest of the cathode walls are shielded. Specifically. a ce-
ramic tube (99.8% Al,0,) covers the external cathode walls
and a quartz tube shields the inner cathode walls. The cath-
ode was made of aluminum 3.1 cm in diameter and was oper-
ated in a helium atmosphere which contained approximately
20 mTorr of O,. The rest of the cathode was made of copper
and was water cooled for adequate heat dissipation at multi-
kilowatt dc operating conditions. The cathode front face was
made concave to focus the electron beam as shown in Fig.
1{b). We have used both 6 and 9 cm as a radius of curvature.
Similar electron guns with cathodes made of sintered metal-
ceramic materials described in Sec. 111 were also successfully
used 1o excite cw ion lasers. The position of the anode is not
important so we usually use the stainless-steel vacuum
chamber in which the electron gun operates as the anode.
The use of this electron gun design in exciting cw lasers is
discussed further in Sec. V of this paper.

Figure 8 shows a broad area (7.5 cm in diameter) elec-
tron gun constructed for the purpose of electron beam an-
nealing of ion-implanted silicon wafers. The cathode was
made of a sintered Mo-MgO mixture of equal portions by
weight. The cathode was supported by an aluminum piece
which was not water cooled in this case as only short electron

CATHODE

CERAMIC TUBE

WATER
COOL ING
~—

T
QUARTZ
TUBE

FIG. 7. Structure of the glow discharge electron gun for longitudinal laser
excitation.
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beam operating times (60 sec) were required for this applica-
tion. The broad area cathode was surrounded by a quartz
shield which confined the emission to the front face. Dis-
charge currents up to 700 mA and discharge powers of 3 kW
(70 W/cm?’) were easily obtained. The I-¥ characteristics of
this electron gun operating in helium are shown in Ref. 10.

Figure 9 shows the structure of an electron gun de-
signed to produce a line source 5-cm long and approximately
2-mm wide at the focal plane. This electron gun has been
used for both annealing silicon wafers as well as recrystalliz-
ing polysilicon films. The geometry of this electron gun is
similar to the transverse hollow cathode electron gun for
plasma excitation described in Ref. 12; the main difference
being that the cathode shown in Fig. 9 is slotless. Notice that
the operation of this electron gun is similar to the electron
guns previously described, except for the geometry, and con-
sequently does not need further discussion.

V. APPLICATIONS OF GLOW DISCHARGE ELECTRON
GUNS

A. Excitation of cw ion lasers

We have used the electron guns described in Sec. I and
IV to excite helium-metal-vapor gas mixtures and obtain cw

HEATED
SUBSTRATE

FIG. 8 Experimental setup used to anneal n-type sihicon wafers implanted
with 30-keV boron ions to a total dose of § x 10" ions/cm’.
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Fig. 9. Structure of an electron gun designed to produce an electron sheath
S-cm long and approximately 2-mm wide at the focal plane. This <heath
geometry is used for annealing silicon wafers and recrystallizing polysilicon
wafers.

laser action in seven different singly ionized metallic spe-
cies.*™ We successfully used both, oxide-coated aluminum
cathodes®' and sintered metal-ceramic cathodes. In the first
case we introduced 10-20 mTorr of oxygen into the gas mix-
ture, to allow stable electron emission over prolonged per-
iods of time. In all seven laser media, the presence of the
oxygen impurity did not affect the laser output power in a
measurable way. The axial path of the electron guns allows
for an easy overlap of the electron-beam-created plasma with
the volume of the optical resonator as show in Fig. 10. The
excitation scheme shown in this figure uses two electron
guns that produce two counter propagating electron beams.
The electron beams are kept collimated along the 1-m-long
plasma tube by use of an axial magnetic field of 1-4 kG.
Using this electron beam excitation scheme we have ob-
tained cw laser radiation on more than 40 ion transitions.”
A cw laser power output of 1.2 W, for example, was obtained
on the 4911.6 and 4924.0-A transitions of Zn II. This repe-
sents an order of magnitude increase in the laser output pow-
er and efficiency previously obtained for these metal vapor
transitions using hollow cathode discharges.?

In summary, electron beam pumping is a new way to
excite ion lasers that has the potential of increasing both the
operating efficiency of these devices as well as the output
power. >
B. Large area glow discharge electron beam annealing
of lon-implantation damage

We have thermally annealed ion-implant damage in sil-
icon wafers using a broad area {7.5 cm in diameter) glow
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discharge electron gun. This allowed for irradiation of an
entire 3-in. (7.5-cm) wafer without beam or wafer scanning
as did previous investigators.”* An electron beam power of
up to 3kW at a current of 0.7 A was created using a magne-
sium oxide-molybdenum cathode. The electron beam was
produced in helium at a pressure between 0.1 and 2 Torr.
The experimental setup shown in Fig. 8 was used to anneal n-
type silicon wafers implanted with 30-keV boron ions to a
total dose of 5% 10'° ions/cm?. Samples were isochronally
annealed for 15 sec at different electron beam power densi-
ties and the change in sheet resistivity was measured. The
reduction of sheet resistivity exhibited a threshold of 160 J/
cm? and reached 10% of the initial value at a total energy of
725 3/cm?. Annealing of doped polysilicon and silicide films
was also achieved.

In summary, broad area glow discharge electron guns
provide enough power density to allow processing of large
area wafers in a few seconds without requiring focusing and/
or scanning of the electron beam.

C. Electron-beam-assisted chemical vapor deposition

We have used glow discharge electron beams to deposit
Si0, and Si;N, films on silicon wafers at low substrate tem-
peratures (200° to 400°C). The need for low temperautre se-
miconductor processing becomes increasingly important as
semiconductor device structures move to submicron dimen-
sions. Low temperature processes reduce dopant redistribu-
tion, wafer warpage, and crystalline defect generation each
of which are induced by high temperature processing. We
used electron beam dissociation of the reactants as a new
CVD technique compared to conventional rf plasma assisted
CVD. In contrast with radio frequency CVD, where the re-
action volume fills almost all of the chamber, in the electron
beam scheme the reaction is confined to the volume deter-
mined by the electron-beam-created plasma. In this way, the
amount of reactants lost to the walls is largely reduced as is
the undesired sputtering from chamber walls. We used both
aluminum and sintered cathodes to produce rectangular
electron beam sheets (2 X 30 mm) located parallel to the wa-
fer surface. The beam electrons collide with the reactant gas
molecules dissociating and creating free radial species that
include excited atoms and molecules, as well as positive and
negative ions. These species diffuse across a boundary layer
to the heated substrate. Nucleation and film growth occurs
at absorption sites leading to the formation of islands. The
process continues with coalescence of these islands to form a
continuous film. The experimental setup we used to obtain
electron beam induced CVD of SiO, and Si;N, is shown in
Fig. 11. We expect the electron beam CVD technique to be

FIG. 10. Setup used for electron beam pump-
ing of cw ion lasers utilizing two electron guns
that produce two counter propagating elec-
tron beams. Electromagnet keeps the two

beams well collimated.
ELECTRON GUN

METAL SOURCE RESERVOIR
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FIG. 11. Experimental setup for electron beam CVD of SiO, and Si \N,. The
wafer s located on the substrate heater.

useful as a means to deposit a large variety of insulating,
metallic, as well as semiconducting, films over large areas.

D. Other suggested applications of glow-discharge-
created electron beams

Glow discharge electron guns can find other applica-
tions in experimental situations in which an electron beam is
needed at pressures between 10 ~* and 3 Torr; since, they can
operate at these pressures without differential pumping.
Glow discharge electron beams of 1 keV, for example, can be
used to simulate heavier particles which ionize and excite the
laser medium as in the case of a nuclear-pumped laser plas-
ma.”* Another application is the generation of x rays for
preionizing gas laser discharges or for x-ray photolithog-
raphy. Glow discharge electron guns could also be used as
the ionization source in broad area ion sources. Unique ad-
vantages would be both the broad area of the source as well
as the abundance of multiple ionized species. Finally, elec-
tron-beam-assisted unidirectional etching of microelectron-
ic thin films and substrates is possible using the electron
beam to enhance surface etching rates without the surface
texturing or crystal damage that ion beams cause.

VIl. SUMMARY

Ten different electron gun cathode materials have been
compared for the production of glow discharge electron
beams in helium at pressures between 0.1 and 3 Torr. Alumi-
num and magnesium, when covered by a thin oxide layer can
produce electron beams with discharge currentsupto 1.2 A
at measured beam generation efficiencies of up to 80%.
However, a small amount of oxygen (5 to 20 mTorr) must be
present in the discharge to allow for the regrowth and main-
tenance of the oxide layer which is continually sputtered
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away by the bombardment of the cathode surface by ions and
fast neutrals. A stmilar need for an cxide layer was observed
for LaB, cathodes. The use of sintered refractory metal-ce-
ramic cathode matenals such as Mo-Al,O, allowed us to
produce multikilowatt electron beams at an efficiency of up
to 75% in a pure noble gas atmosphere without the need for a
partial pressure of oxygen. Glow discharge electron guns
have been successfully used in the excitation of cw ion lasers,
chemical vapor deposition of thin microelectronic films, and
for the rapid thermal annealing of 1on-implanted damage in
silicon wafers. Other applications are suggested.
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